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ABSTRACT
An in v e s t ig a t io n  has been made in to  th e  ty p es  o f p ro d u c t th a t  a re  
produced by th e  y -  sL tra n s fo rm a tio n  in  pu re  i ro n  n i tro g e n  a l lo y s ,  and 
th e  r e s u l t in g  s t r u c tu r e s  were c l a s s i f i e d  in  term s o f p ro d u c t morphology 
as e i t h e r  i r r e g u la r  f e r r i t e  o r m assive m a r te n s i te .
The e f f e c t  o f th e se  s t r u c tu r e s ,  to g e th e r  w ith  t h a t  o f a tem pered 
m assive m a r te n s i te ,  on th e  reco v ery  o f t r a n s ie n t  damping in  pure  i ro n  and 
th e  quench ag e in g  and s t r a in - a g e in g  r a te s  o f the  i r o n  n itro g e n  a l lo y s  have 
been in v e s t ig a te d  and th e  r e s u l t s  compared w ith  p a r a l l e l  t e n s i l e  
experim ents*
The re c o v e ry  o f t r a n s i e n t  damping in  pure  i ro n  can be d e sc r ib e d  
by th e  eq u a tio n  P = exp (-B t n ) ,  where n v a r ie s  between 0 .1 5  and 0 .45  
and th e  a c t iv a t io n  energy  o f th e  re c o v e ry  p ro c e ss  was found to  be between 
8 .5  and 10 .5  K cal/m ol. The mechanism of reco v ery  i s  t e n ta t iv e ly  a t t r i b u t e d  
to  a  rearrangem en t o f d is lo c a t io n s .
Quench ag e in g  r e s u l t s  show t h a t  m assive m a r te n s i te  ages a t  a  r a t e
which i s  th re e  to  f iv e  tim es f a s t e r  th an  th e  tem pered m assive and t h a t  th e
2 /3k in e t i c s  o f  ag e in g  o f m assive m a r te n s i te  can be f i t t e d  to  a  t  r e la t io n s h ip  
whereas t h a t  o f  tem pered m a ss iv e ^ c a n  on ly  be f i t t e d  to  th e  norm al quench 
ageing  tim e dependent r e la t io n s h ip .  The d if f e r e n c e  i s  a s c r ib e d  to  th e  
re d u c tio n  in  d is lo c a t io n  d e n s i ty  due to  a n ih i l a t io n  d u rin g  th e  tem pering  
tre a tm e n t.
3 .
E q u iv a len t s t r a i n  ageing  exp erim en ts , u s in g  a 2.,5% p r e - s t r a in  
show a re d u c tio n  in  th e  d if fe re n c e  in  ageing  r a te  between the  m assive
fwa.t't.t'VvsiVx.
m a rte n s i te  and tem pered m assive j^and th a t  th e  k in e t i c s  o f ageing  o f bo th
2 /3s t r u c tu r e s  can be d e sc rib e d  by th e  t  r e la t io n s h ip .
D is lo c a tio n  d e n s ity  c a lc u la t io n s  show th a t  a*quenched m assive
11 2m a rte n s ite  has a  d e n s ity  o f 9 x 10 lin e s /c m  and th a t  th e  s t r a in e d  m assive
12 2m a rte n s i te  and tem pered m assive have d e n s i t ie s  o f  1 .4  x 10 lin e s /c m  and 
12 21.1 x 10 lin e s /cm  r e s p e c t iv e ly .  The a c t iv a t io n  energy fo r  bo th  quench 
ageing  and s t r a i n  ageing  i s  15 K cals/m o l. which i s  s l i g h t l y  low er th an  
p rev io u s  v a lu es  and i s  p o s s ib ly  due to  a  sm all degree o f te t r a g o n a l i ty  
produced by the tran sfo rm a tio n *
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1. INTRODUCTION
The tra n s fo rm a tio n s  term ed 5,m assive!! th a t  have been found in  
v a rio u s  fe rro u s  and non fe r ro u s  sy stem sthave re c e n t ly  been th e  s u b je c t  o f 
much a t t e n t io n .  C onsiderab le  d isc rep an cy  between p u b lish e d  d a ta  has a r is e n  
through a la c k  o f s ta n d a rd is a t io n  o f  p ro d u c t nom enclature and th rough  th e  
use o f  d i f f e r e n t  c r i t e r i a  in  a s s e s s in g  th e  mode o f tran sfo rm a tio n #  I t  i s  
in te n d e d , in  th e  review  o f  l i t e r a t u r e ,  to  c l a r i f y  some o f th e se  anom alies 
and re so lv e  some o f  th e  c o n f l ic t in g  ex p erim en ta l d a ta .
The aim o f  t h i s  re s e a rc h  p ro je c t  i s  to  c l a s s i f y  i n i t i a l l y  th e  
tra n s fo rm a tio n  p ro d u c ts  th a t  a re  o b ta in e d  in  pure  i ro n  and i ro n  -  0 . 025wt.% 
n itro g e n  a l lo y s  in  term s o f  th e  morphology o f  th e  s t r u c tu r e  and to  r e l a t e  
th e se  to  th e  e f f e c t s  o f  quenching and i n t e r s t i t i a l  c o n te n t .
The p h y s ic a l p ro p e r t ie s  o f th e se  s t r u c tu r e s  w i l l  th en  be an a ly sed  
in  term s o f the  e f f e c t  t h a t  a  change in  p roduct has on i n t e r n a l  f r i c t i o n .
In th e  case  o f  pure i ro n  ,the v a r ia t io n  in  s t r u c tu r e  w i l l  be s tu d ie d  on th e  
recovery  o f  t r a n s ie n t  damping a f t e r  s t r a i n  w h ile , fo r  n itro g e n  a l lo y s ,  th e  
quench ageing  and s t r a i n  ageing  r a t e s ,  a s  a s se sse d  by th e  drop in  Snoek 
peak h e ig h t o f  th e  m assive m a r te n s i te ,  w i l l  be compared w ith  t h a t  o f a 
tem pered m assive. A ll i n t e r n a l  f r i c t i o n  d a ta  w i l l  be d i r e c t l y  compared 
w ith  th e  r e s u l t s  o f  p a r a l l e l  t e n s i l e  ex perim en ts.
2* literature review
2.1* INTERNAL FRICTION
When a  m a te r ia l  i s  s t r e s s e d  a t  a  s t r e s s  co n sid e ra b ly  below i t s  
y ie ld  p o in t then* acco rd in g  to  Hookes law , th e  r e s u l ta n t  s t r a i n  i s  
p ro p o r tio n a l to  the  a p p lie d  s t r e s s .  In  p r a c t ic e ,  however, th e  s t r a i n  la g s  
behind th e  s t r e s s  due to  v a rio u s  i n t e r n a l  mechanisms and th e  m a te r ia l  
e x h ib i ts  a  tim e dependent e l a s t i c  a f t e r  e f f e c t .  This behav iou r o f a 
s t r e s s e d  m a te r ia l  i s  known as  a n e la s t ic  behav iou r and h as been tho rough ly  
an a ly sed  by Zener in  h is  work on the  s ta n d a rd  l i n e a r  s o l i d ^ ^ .
The p re s e n t work i s  concerned w ith  th e  e f f e c t  o f  th e  a u s te n i te  
to  f e r r i t e  tra n s fo rm a tio n  in  i ro n  on two p a r t i c u l a r  ty p es  o f  in t e r n a l  
f r i c t i o n ,  nam ely, th e  t r a n s ie n t  damping and th e  Snoek peak produced by th e  
s t r e s s  induced  o rd e rin g  o f n itro g e n  atom s. S ince th e  p re s e n t s t a t e  o f 
bo th  th e o ry  and a p p l ic a t io n  o f  i n t e r n a l  f r i c t i o n  has advanced to  cover a  
trem endously  wide range o f  i n t e r n a l  mechanisms ( 2 - 6 ) ,  th e  rev iew  o f 
l i t e r a t u r e  w i l l  be co n fin ed  to  th e se  two p ro c e s s e s .
2 .2 . TRANSIENT DAMPING
T ra n s ie n t damping o r  the  KBster e f f e c t , a s  i t  i s  o f te n  c a l le d ,
i s  the  term  g iven  to  th e  tem porary  in c re a s e  i n  i n t e r n a l  f r i c t i o n  th a t  i s
produced by th e  a p p l ic a t io n  o f  sm all p l a s t i c  s t r a i n s  and was f i r s t
(7)d e sc rib e d  by F o r s te r  & K Bster
(8}K dster & R o se n th a ll o b ta in ed  s im i la r  in c re a s e s  in  th e
damping o f  a -b ra s s  a f t e r  co ld  work and found th a t  on h e a tin g , th e  damping
decayed a t  low tem p e ra tu res  long b e fo re  th e re  was any s ig n i f i c a n t  change in
(9) (10)h a rd n ess . S im ila r  r e s u l t s  were o b ta in e d  in  A1 and Fe where 
damping in  the  k i lo c y c le  range was found to  decay in  a  few hours a t  room 
tem p era tu re .
( l l )Read , working on copper and z in c  s in g le  c ry s ta ls ,fo u n d  th a t
0$ Streuv\ ^
th e  damping was s tro n g ly  am plitude  dependent i n  th e  ran g e^1- b x 10 and
th a t  th e  i n i t i a l  v a lu e ’o f  th e  damping o b ta in e d  in  a co ld  worked z inc  c r y s ta l
was 1000 tim es th a t  o f  th e  damping a t  th e  end o f  th re e  d ays. I t  was
thought t h a t  s t r e s s  induced  m otion o f  d is lo c a t io n s  was re s p o n s ib le  fo r  t h i s
am plitude dependent damping.
( 12) -7Nowick , working a t  low er am p litudes (1 x 10 ) ,  found a
s im ila r  am plitude dependence in  copper s in g le  c r y s ta l s  and d is t in g u is h e d
between two ty p es  o f  d i s s ip a t iv e  mechanism. F i r s t l y ,  r e la x a t io n  which
g iv es  a  s t r e s s - s t r a i n  e l l i p s e  which depends on th e  frequency  o f  s t r e s s in g
and, seco n d ly , h y s te r e s i s ,  which i s  d e fin e d  as  a  s t r e s s - s t r a i n  loop  which
i s  independent o f freq u en cy . On th e  b a s is  o f h is  frequency independen t
r e s u l t s ,  Nowick showed th a t  a h y s te r e s is  mechanism could  e x p la in  th e
damping and p o s tu la te d  th e  id e a  o f a  r e le a s e  o f  d is lo c a t io n s  from p in n in g
p o in ts  over a  range o f in c re a s in g  s t r a i n s .  These d is lo c a t io n s  th en
moved to  a n o th e r p o te n t ia l  minimum, th u s  c o n tr ib u tin g  to  th e  a n e la s t i c  s t r a i n .
The s tro n g  tem p era tu re  dependence o f th e  damping he e x p la in s  in  term s o f 
th e  tem p era tu re  dependence o f th e  in te r a c t io n  fo rc e s  between im p u rity  atoms 
on th e  d is lo c a t io n s ,  which a c t  as p inn ing  p o in ts .
( 1 3 )
F u s f ie ld  , working on a - b r a s s ,  found th a t  the  damping in c re a se d  
a f t e r  co ld  work and fo llow ed  th e  recovery  o f  t h i s  damping by h o ld in g  a t  
v a rio u s  tem p era tu res  below th e  r e c r y s t a l l i z a t i o n  te m p e ra tu re . He found 
th a t  e x ten s iv e  recovery  o ccu rred  w ith in  a  m a tte r  o f m inutes and th a t  the  
a c t iv a t io n  energy  o f the  recovery  was low er than  th a t  in  a  p ro cess  
in v o lv in g  atom ic in te rc h a n g e . The recovery  cu rves a t  d i f f e r e n t  tem p era tu res  
were found to  i n t e r s e c t  and th a t  when p lo t te d  on a  lo g . tim e s c a le ,  
produced s t r a ig h t  l i n e s  w ith  exponents ran g in g  from 0 .2  to  0 .8 .
A ll t h i s  e a r ly  work had th e  d isad v an tag e  th a t  th e re  was
c o n sid e ra b le  d e lay  in  o b ta in in g  the  f i r s t  va lue  o f  damping fo llo w in g
(lA)s t r a in in g .  K tfster and S to l te  overcame t h i s  by u s in g  a f l e x u r a l  
v ib ra t in g  tech n iq u e  and o b ta in ed  v a lu es  o f  damping 10 seconds a f t e r  th e  
a p p l ic a t io n  o f  the  lo a d . They fo llow ed  th e  reco v ery  o f  damping a t  room 
tem peratu re  a f t e r  v a r io u s  amounts o f  s t r a i n  w ith  th e  lo a d  s t i l l  on , and 
found th a t  damping d ecreased  very  q u ick ly  in  th e  f i r s t  few seconds and 
reached  a s tea d y  value  a f t e r  tim es v a ry in g  between one hour and one day.
The h ig h e r  th e  amount o f  s t r a i n ,  th e  h ig h e r th e  i n i t i a l  damping and th e  h ig h e r  
th e  recovery  r a t e :  a f t e r  1 .2#  s t r a i n ,  th e  r a t e  was so f a s t  t h a t  th e  f i r s t  
few read in g s  d id  not re p re s e n t  th e  h ig h e s t  v a lu es  o f th e  damping fo llo w in g
s t r a in in g .  S im ila r  r e s u l t s  were o b ta in ed  fo r  reco v ery  when th e  
s t r a in in g  lo ad  was removed and th e  n o n -reco v erab le  p a r t  o f  the  damping was 
found to  in c re a s e  w ith  s t r a i n .  An in t e r e s t i n g  fe a tu re  o f  th e  recovery  
curves under lo ad  was th e  in c re a s e  in  damping th a t  o ccu rred  when th e  lo ad  
was removed a f t e r  a  c e r ta in  amount o f reco v ery ; see  F ig .1 .  Follow ing 
th e  in c re a s e ,  f u r th e r  recovery  o ccu rred  in  th e  norm al way.
K&ster and S to l te  ex p la in ed  t h e i r  r e s u l t s  on a  h y s te r e s is  type 
o f mechanism s im i la r  to  th a t  proposed by Nowick, su g g es tin g  th a t  th e  
i n i t i a l  r i s e  in  damping was due to  th e  in c re a s e  in  the  number o f f r e e  
d is lo c a t io n s  due to  co ld  work and th a t  reco v ery  was a s s o c ia te d  w ith  th e  
lo ck in g  o f  d is lo c a t io n s  by s o lu te  atoms o r by p i l e  up w ith  a lre a d y  
s ta t io n a r y  d is lo c a tio n s *  On th e  b a s is  o f  a c t iv a t io n  energy r e s u l t s ,  
recovery  by atom ic d iffu s io n w a s  p rec lu d ed  and th ey  su g g es ted  th e  in te r a c t io n  
between d is lo c a t io n s  as  be in g  th e  most p ro bab le  mechanism fo r  re c o v e ry .
The in c re a s e  in  damping a f t e r  th e  rem oval o f  lo ad  shown in  F ig .1  th ey  
a s s o c ia te d  w ith  d is lo c a t io n s  being  to rn  away from p in n in g  p o in ts .
(15)Smith used an analogous d is lo c a t io n  in te r a c t io n  concept to  
e x p la in  th e  e f f e c t  o f  sm all amounts o f  c o ld  work on th e  Young’s  modulus 
o f copper. He o b ta in e d  re d u c tio n s  in  Young's modulus a f t e r  v a rio u s  
amounts o f  co ld  work up to  8% and then  observed  th e  recovery  a t  v a rio u s  
te m p e ra tu re s . The o r ig in a l  h y p o th e s is  by E s h e l b y ^ ^ ,  t h a t  edge 
d is lo c a tio n s  ly in g  in  tro u g h s  o s c i l l a t e  e l a s t i c a l l y  under an a l t e r n a t in g
l o a d  rem oved
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s t r e s s  th u s  p roducing  th e  m acroscopic s t r a i n  th a t  reduces th e  modulus, i s
(17)d isco u n ted  as  Mott c o n s id e rs  th a t  th e  more m obile components o f screw
d is lo c a tio n s  a re  re s p o n s ib le . Recovery, Smith s t a t e s ,  can be ex p la in ed
by the  d i f f u s io n  o f s o lu te  atoms to  lo ck  d is lo c a t io n s  o r by th e  a n n ih i la t io n
( l8 )o f two screw  d is lo c a t io n s  o f o p p o s ite  s ig n  and d isc o u n ts  th e  form er
mechanism on th e  b a s is  o f th e  s c a t t e r  o f  a c t iv a t io n  e n e rg ie s  fo r  d i f f e r e n t  ' 
s t r a i n s ,  s in c e  th e  d i f f u s io n  o f  s o lu te  atoms would have a  s in g le  a c t iv a t io n  
energy . Thus, Smith s t a t e s  th a t  recovery  can be a t t r i b u t e d  to  therm al 
f lu c tu a t io n s  g iv in g  screw  d is lo c a t io n s  m o b ility  to  move to  p o s i t io n s  where 
they  a re  a n n ih i la te d .
(19)One e a r l i e r  r e p o r t  by Ke on the  e f f e c t  o f im p u r i t ie s  on the  
t r a n s ie n t  damping in  aluminium appears  to  be a t  v a r ia n c e  w ith  t h i s  
hy p o th esis  s in c e  th e  r e s u l t s  showed th a t  th e  h ig h e r  th e  im p u rity  c o n te n t 
the  low er was th e  damping a f t e r  s t r a in in g  and th e  h ig h e r  was th e  reco v ery  
ra te #  This su g g es ted  th a t  an im p o rtan t f a c to r  i n  th e  reco v ery  p ro cess  
could  be a t t r i b u t e d  to  s o lu te  atom s.
(20 )F u r th e r  work by A le rs  on th e  creep  o f z in c  s in g le  c r y s ta l s  
suggested  th a t  th e  in c re a s e  and reco v ery  o f  damping a f t e r  s t r a in in g  i s  due 
to  a  h y s te r e s is  mechanism in v o lv in g  d is lo c a t io n  movement: th e  i n c r e a s e  th a t
they  observed  d u rin g  th e  p a r t i a l  u n load ing  o f th e  c reep  lo a d  be ing  due to  
th e  c o lla p se  o f g e n e ra te d  d is lo c a t io n s  back to  t h e i r  sources#  The tim e 
dependence o f th e  reco v ery  p ro c e ss  was n o ted  to  fo llo w  a r e la t io n s h ip  o f
22.
th e  form
k ( t )  = ~ K lo g  t  + b   ^
where t  i s  g r e a te r  th an  0 .1  m inutes*
( 21 )Brook and S u lly  a sc r ib e  th e  in c re a s e  o f  am plitude  
independent damping in  0 .1  -  0 .3 $  s t r a in e d  aluminium to  th e  movement o f  f r e e  
d is lo c a t io n s  in  s l i p  p la n e s , unlocked under th e  in f lu e n c e  o f  th e  a p p lie d  
creep  s t r e s s  and fo llo w  th e  recovery  p ro cess  w ith  and w ithou t the  a p p lie d  
lo a d . The reco v ery  p ro cess  th ey  d e sc rib e  a s  be ing  due to  a  ra p id  decrease  
in  the  number o f m obile d is lo c a t io n s  and re -e s ta b lis h m e n t o f a  s ta b le  
d is lo c a t io n  a r ra y  by e i t h e r  m utual a n n ih i la t io n  o f d is lo c a t io n s  o f  o p p o s ite  
B urgers v e c to r ,  by lo c k in g  by im p u rity  atoms o r by s t a b i l i s a t i o n  by m utual 
in te r a c t io n .
Amplitude independent damping was a ls o  found in  le a d  by 
( 2 2 )Weertman and S a lk o v itz  bu t on ly  f o r  l im ite d  s t r a i n s ,  F ig .2 . They
(23)suggested  th a t  th e  h y p o th e s is  proposed by K oehler , t h a t  th e  d is lo c a t io n  
i s  p inned  down a lo n g  i t s  le n g th  by im p u rity  atoms and th a t  th e  d is lo c a t io n  
le n g th s  v ib ra te  l ik e  s t r in g s  under th e  a l t e r n a t in g  lo a d , cannot be used 
to  e x p la in  th e  damping in  le a d , because th e  energy o f th e rm al s t r e s s  
f lu c tu a t io n s  (0 .2 6  eV a t  room tem p era tu re) i s  h ig h e r  th a n  th e  b in d in g  
e n e rg ie s  o f th e  im p u rity  atom s. They su g g es t t h a t  a lth o u g h  in d iv id u a l  
atoms cannot p in  d is lo c a t io n s ,  th e  im p u r i t ie s  a c t in g  c o l le c t iv e ly  can 
p reven t la rg e  d isp lacem en ts  o f th e  d is lo c a t io n s  and th e n  i f  th e  a p p lie d
s t r e s s  i s  made g re a t  enough, th e  d is lo c a t io n  can be made to  move th rough
(2*0the  im p u r i t ie s .  Using th e  M ott-N abarro r e la t io n s h ip  fo r  th e  s t r e s s  
f i e ld  around an im p u rity  atom ( ) ,  Weertman and S a lk o v itz  showed
th a t  am plitude  independent damping cou ld  be g iv en  by th e  fo llo w in g  ex p re ss io n
A   (2)
V c  crn
where A i s  a  c o n s ta n t ,  -A- i s  th e  d is lo c a t io n  d e n s i ty , b i s  th e  B urgers 
v e c to r , c i s  th e  c o n c e n tra tio n  o f  im p u r i t ie s  and i s  the  M ott-N abarro
c r i t i c a l  s t r e s s  which i s  p ro p o r tio n a l to  th e  im p u rity  c o n c e n tra tio n  n e a r  
the  d is lo c a t io n  c o re .
(25)A y e a r l a t e r ,  G ranato and Litcke developed a  q u a n t i ta t iv e
model f o r  bo th  resonance-, and h y s te r e s is  ty p es  o f damping, based  on th e
Koehler model o f a  p inned  d is lo c a t io n  l in e  o s c i l l a t i n g  under an a p p lie d
s t r e s s .  They c r i t i c i s e  th e  V/eertman and S a lk o v itz  th e o ry  f o r  t h e i r
assum ption th a t  in  o rd e r  to  ach iev e  am plitude dependent damping, where
CT > OTj^  , th e  d is lo c a t io n s  w i l l  move th rough  th e  im p u rity  atoms and t r a v e l
over d is ta n c e s  g r e a te r  th a n  r — mi_ , . ,, . ., n ,°  3 J  c . They s t a t e  th a t  th e  l a r g e s t
len g th  o f d is lo c a t io n  th a t  w i l l  move i s  o n ly  o f  th e  o rd e r  o f  b and t h i s  i s
/ p/* \
backed up by an o b se rv a tio n  made by Sw artz ,who found th a t  Snoek
(27)
atm ospheres form w ith in  20b o f  each  d is lo c a t io n  and th a t  s in c e  
atm osphere fo rm ation  had l i t t l e  e f f e c t  on h y s te r e s i s  damping, th e  
d is lo c a t io n  movement must be c o n s id e ra b ly  l e s s  th an  t h i s .
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FIG 3 MODEL FOR DAMPED DISLOCATION MOTION ANO HYSTERESIS
C 25)
A
F IG 4  DIAGRAM OF STRESS/DISLOCATION STRAIN FOR
DISLOCATION DAMPING AND HYSTERESIS C25)
2.2*1. Resonance - damped dislocation motion,
(17)
Granato and Llicke considered the model of a dislocation network
where th e  le n g th  o f  th e  d is lo c a t io n  l in e  was l im ite d  by th e  in te r s e c t io n
o f netw ork lo o p s , F ig u re  3* I f  th e  m a te r ia l  c o n ta in s  c e r t a in  im p u rity
atom s, th en  th e se  w i l l  f u r th e r  p in  down th e  d is lo c a t io n  th rough  a  C o t t r e l l
/20 29)
in te r a c t io n  mechanism 1 , g iv in g  sm a lle r  segm ents o f  le n g th  L^,. Under
a sm all a l t e r n a t in g  s t r e s s ,  th e  d is lo c a t io n  bows ou t JB and co n tin u es  to  bow 
out 3C, u n t i l  a  b reak  away s t r e s s  i s  reached  which i s  th e  l im i t  fo r  damped 
d is lo c a t io n  m otion alone# The damping a t  any frequency  can  th e n  be 
exp ressed  by an eq u a tio n  o f th e  form
A ___ AqA L  f A + . . . .
A ( x —  o  L Vd ]  j
where L i s  th e  mean loop le n g th , -A. i s  th e  d is lo c a t io n  d e n s i ty ,
J\ = where u> = and u> is the natural frequency of the dislocation,
o
A s AO- y ) where Y i is Poisson’s ratio and D = w  A where A is — — ■■*  o
^ B
the mass/unit length of the dislocation line and B is the damping force/unit
velocity.
The damping thus reaches a peak where u> = co and this has been
(30 31)experimentally verified in copper ’
For low frequency, kilocycle, applications Granato and LUcke modify 
equation (3) such that
A  t o  *  A L e.
where
A  a  — and L i s  the  e f f e c t iv e  loop  le n g th
e
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2C2.2. Hysteresis Damning
G ranato and Lttcke developed t h e i r  resonance  model to  e x p la in  
th e  w idely  observed h y s te r e s is  damping which o ccu rs  a t  h ig h e r  am p litu d es .
Fig,3A  and 3C r e p re s e n t  th e  resonance  p ro c e ss , b u t a t  th e  
breakaway s t r e s s ,  th e  d is lo c a t io n s  b reak  f r e e  o f  t h e i r  p in n in g  p o in ts  and 
a la rg e  s t r a i n  f o r  no in c re a s e  in  s t r e s s  i s  produced, Fig.3C-3H« I t  i s  t h i s  
in c re a se  in  s t r a i n  a t  c o n s ta n t s t r e s s  which g iv e s  r i s e  to  m echanical 
h y s te r e s is  and f u r th e r  in c re a s e s  in  s t r e s s  le a d  to  th e  loop  le n g th  bowing 
o u t (3E ), u n t i l  th e  s t r e s s  re q u ire d  to  a c t i v a te  a  Frank-R eid  sou rce  i s  
reached  (3F) when p l a s t i c  s t r a i n  w i l l  o c cu r . In  th e  in t e r v a l  (3D) to  (3E) 
th e  e f f e c t iv e  modulus i s  governed by th e  loop  le n g th  and when a  
d i s t r ib u t io n  o f  loop  le n g th s  i s  taken  in to  acco u n t th e  s t r e s s / s t r a i n  
r e la t io n s h ip  i s  d e sc rib e d  by th e  d o tte d  l i n e  i n  F ig .4 .
This p ro ce ss  o f  d is lo c a t io n  breakaway p roducing  th e  am plitude
(23)dependent damping i s  th e  b a s ic  d if f e r e n c e  from K o eh ler1s th e o ry  in  
which he p roposes t h a t  th e  am plitude  dependent damping was due to  an 
in c re a se  in  th e  loop  le n g th .
U sing th e  concep t o f a d i s t r i b u t io n  o f loop  le n g th s  G ranato and 
Lticke d e riv e d  th e  fo llo w in g  ex p re ss io n  f o r  am plitude  dependent damping
^  (H) * K1 K2 eSp* . . . * . . . * . . . ( 5 )
1 /
where Ki = A  and K? = J& A A .
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and L_ i s  th e  average unpinned loop  le n g th ,  e. i s  th e  maximum v ib r a t io n a l  
s t r a i n ,  i s  th e  f r a c t io n a l  s iz e  d if fe re n c e  betw een th e  p in n in g  s o lu te
atom and th e  so lv e n t atom and i s  an o r ie n ta t io n  f a c to r  r e l a t in g  th e  
ap p lie d  s t r e s s  to  th e  c r i t i c a l  re so lv e d  s h e a r  s t r e s s .
2.2*3« K in e tic s  and Mechanism o f  Recovery.
/ 32)
H ik a ta  e t  a l*  used  e q u a tio n  (*f) to  e v a lu a te  t h e i r  r e s u l t s  on
(33)aluminium which were found to  be frequency  dependent • They observed  an 
in c re a s e  i n  damping a f t e r  s t r a in in g  and th en  a  reco v ery  p ro c e ss  s im i la r  to  
th a t  d e sc rib e d  elsew here* An in t e r e s t i n g  fe a tu re  o f  t h e i r  r e s u l t s  was the  
in c re a s e  i n  damping, o b ta in e d  when th e  lo ad  was removed fo llo w in g  a 
c e r ta in  amount o f  reco v ery  in  an  analogous way to  F ig .l*  They s t a t e  th a t  
the  in c re a s e  i s  due to  th e  d i s lo c a t io n s , t h a t  have reached  a s t a t e  o f  
eq u ilib riu m  under th e  a p p lie d  lo a d , b reak in g  away from p in n in g  p o in ts  when 
th e  lo ad  i s  removed and th a t  subsequen t reco v ery  o ccu rs  by a  re d u c tio n  in  
loop le n g th  o f th e  d is lo c a t io n s  by a  mechanism in v o lv in g  th e  c r e a t io n  o f  
jo g s  o r  by a  p in n in g  p ro c e ss  in v o lv in g  th e  d i f f u s io n  o f  p o in t d e fec ts*
The f a c t  th a t  th e  reco v ery  r a t e  f o r  aluminium i s  very  much h ig h e r  th an  
th a t  fo r  copper , i s  s t a t e d  by th e  a u th o rs  ‘to  be ’due to  th e  low er a c t iv a t io n  
energy fo r  m ig ra tio n  o f d e fe c ts  i n  aluminium and, i n  f a c t ,  80% o f th e  
recovery  p ro cess  o ccu rs  w ith in  th e  f i r s t  minute*
28.
/ *7^1 \
In  a f u r th e r  pap er , th e  au th o rs  s t a t e  th a t  th e  p re v io u s ly
( l5 )proposed th e o r ie s  o f re c o v e ry , i . e .  a n n ih i la t io n  and rearrangem en t o f
(35)d is lo c a t io n s  , cannot e x p la in  th e  in c re a s e  in  damping on u n lo ad in g  th a t  
was observed in  aluminium and th a t  was p re v io u s ly  re p o r te d  in  z i n c ^ ^  and 
b r a s s a n d  th a t  th e re  has been no q u a n t i ta t iv e  d e s c r ip t io n  o f th e  
recovery  p ro cess  u s in g  a rearrangem en t mechanism. G ranato e t  a l .  th en  
developed th e  fo llo w in g  eq u a tio n  showing th e  tim e  dependence o f th e  p in n in g
(29 )pro cess  f o r  frequency  dependent damping, u s in g  th e  C o t t r e l l - B i lb y  
r e la t io n s h ip  f o r  th e  number o f  p o in t  d e fe c ts  d i f f u s in g  to  a  d is lo c a t io n  
(see  K in e tic s  o f  A geing, 2 .7 ) .
A , .  = a_ y ---------------------------------------- (6)
where V = ———  and. C, and C„ a re  th e  c o n c e n tra tio n  o f p o in t  d e f e c ts .
c ,  4-C* 1 2
In  th e  same p a p e r , G ranato e t  a l .  used  b o th  e q u a tio n s  (4 ) and (5 ) 
to  e v a lu a te  th e  reco v ery  d a ta  o f  Gordon and Nowick on Rock S a l t  .
Using a  s im i la r  tech n iq u e  to  th a t  d e sc r ib e d  above, th ey  d e r iv e  th e  
fo llo w in g  e q u a tio n  f o r  th e  k in e t i c s  o f  am p litude  dependent damping 
assuming th a t  A  ^ A  ( j )  + A  (H)
A (h )  = A , exp [ -  A x Yz t  p t v>)] ................... (7 )
where = ^1 + ^2 Sum concen^r a ^^on p o in t  d e f e c ts .
A p lo t  o f log  a g a in s t  produced a  s t r a i g h t  l in e  and
a s im i la r  r e la t io n s h ip  between l o g ^ . ^ a n d  (1 + j3> t  ) checked th e  
fo u r th  power r e la t io n s h ip  o f  e q u a tio n  (6 ) .
On ap p ly in g  t h e i r  th e o ry  to  th e  r e s u l t s  o f  A l e r s ^ ^ ,
Granato e t  a l .w e re  unable to  o b ta in  agreem ent w ith  6 and th e y  concluded '.
th a t  s t r a i n s  used by A le rs  were too  sm all to  c r e a te  th e  s u f f i c i e n t  number
o f m obile p o in t d e fe c ts  th a t  th e  p in n in g  th e o ry  required* The r e s u l t s  
(15)o f Smith • , however, were s u c c e s s fu l ly  t r e a te d  by th e  p in n in g  th e o ry .
More re c e n t c o n firm a tio n  o f  th e  Granato-LUcke th eo ry  has been 
(37)prov ided  by Bauer and Gordon in  some work on th e  X -ra d ia tio n  o f co ld
worked c r y s ta l s  o f NaCl. Using eq u a tio n  (4 ) th e y  d e riv e d  v a lu e s  fo r
segment le n g th s  f in d in g  f a i r  agreem ent w ith  r e s u l t s  o b ta in e d  from a
( 36)prev ious th eo ry  r e l a t i n g  modulus change to  e x te n t o f r a d ia t io n  •
However, s in c e  dam ping/frequency m easurements were n o t made, th e  l i n e a r  
dependence o f damping on frequency  as p re d ic te d  by e q u a tio n  (4) was n o t 
checked b u t f u r th e r  co n firm a tio n  was shown by a  l i n e a r  r e la t io n s h ip  
between A ^ ^ a n d  -A- f o r  in c re a s in g  amounts o f  defo rm ation  and th e  
f a c t  t h a t  in  a  f u l l y  an nea led  c r y s t a l ,  where f u l l  p in n in g  would be 
expec ted , v e ry  l i t t l e  d is lo c a t io n  damping was o b serv ed . A lthough 
t h e i r  r e s u l t s  confirm ed th e  p in n in g  mechanism o f  re c o v e ry , th e  au th o rs  
were not a b le  to  e s ta b l i s h  th e  type o f d e fe c t th a t  was r e s p o n s ib le .
30 .
An in t e r e s t i n g  e f f e c t  o f  s o lu te  atoms on th e  am plitude
(58)dependent damping, was shown by Chambers and Sraoluchowski in  t h e i r
r e s u l t s  on th e  recovery  o f  i n t e r n a l  f r i c t i o n  i n  aluminium and magnesium
a f t e r  th e  a p p l ic a t io n  o f c e r ta in  amounts o f o s c i l l a to r y  s t r a i n .  They 
showed th a t  th e  re c o v e ra b le  damping 8 ^ ^  obeyed th e  fo llo w in g  r e la t io n s h ip
H ) m k ( r ia i )  exp ( - £ t ) “  . . . . . . . . ( 9 )
where $> was i n v e r s e l y  p ro p o r t io n a l  to  the  s t r a i n  am p litu d e , 6  (}max)was 
th e  i n i t i a l  damping fo llo w in g  s t r a i n  and n v a r ie d  betw een 1 /3  and 2 /3  
depending on th e  s t r a i n .  They showed th a t  th e  a c t iv a t io n  energy fo r  th e  
recovery  p ro cess  v a r ie d  betw een 7 and 10 K cals/m ole b u t co u ld  n o t s t a t e  
w hether th e  p in n in g  p ro c e ss  was due to  i n t e r s t i t i a l s  o r v a c a n c ie s .
(39)Holwech found in  th e  reco v ery  o f aluminium a f t e r  p l a s t i c
deform ation  th a t  the  damping was independent o f  frequency  and v a r ie d  l i t t l e
w ith  am p litu d e . His exponents f o r  th e  tim e dependence o f  reco v ery  v a r ie d  
between -0 .4 2  and - 0 .6 3 i whereas from e q u a tio n  (6) th e  Granato-LUcke
Q/-z
th eo ry  p r e d ic ts  a  -t dependence. Holwech su g g es ts  th e  energy lo s s  may
be due to  a mechanism in v o lv in g  d is lo c a t io n  m otion over p o t e n t i a l  b a r r i e r s ,
(22)such as  proposed by Weertrnan and S a lk o v itz  , and shows th a t  th e  recovery  
p ro cess  can be exp ressed  by
Q"1 -  ° 1Q "    (10)
( t  + c2 ) n
where C£ = 10 se c s  and n i s  approx im ate ly  0 .6 .
(40)F u r th e r  work by Thompson and Holmes , who showed th a t  th e  
damping i n  i r r a d i a t e d  copper a t  v e ry  sm all s t r a i n s  was frequency 
in d ependen t, a g a in  c a s t  doubt on th e  G ranato Lttcke th e o ry . The a u th o rs  
in te r p r e t  th e  e f f e c t s  o f  tem p era tu re  in  th e  re g io n  15-150°K, on th e  back­
ground damping in  term s o f  a  d is lo c a t io n  bowing mechanism th a t  i s  
tem pera tu re  dependent and in  th e  te m p e ra tu re  re g io n  150°-300°K, i n  term s 
o f th e  in c re a s e  in  le n g th  o f  d i s lo c a t io n  segm ents by a  th e rm a l Unpinning 
p ro c e ss , .
2 ,2 .4 ,  E f fe c t o f I n t e r s t i t i a l s  in  I r o n .
(26 )Sw artz c a r r ie d  ou t a  s e r i e s  o f  p u lse  an n ea lin g  experim en ts 
to  show th e  e f f e c t  o f carbon d i f f u s io n ,  a s  a  p in n in g  a g e n t, on th e  
d is lo c a t io n  damping in  co ld  worked i r o n .  For low te m p e ra tu re s , he found 
th e  damping to  be frequency independent b u t a s  th e  tem p era tu re  exceeded 
th a t  o f th e  p rev io u s  a n n e a l, he found th e  damping to  depend on th e  
fu n c tio n  t f . c' , where H i s  th e  a c t iv a t io n  energy  fo r
t r a n s ie n t  c re ep . The e f f e c t  o f  p u lse  a n n ea lin g  on a  specimen c o n ta in in g
le s s  th an  0.2ppm o f carbon  showed no e f f e c t  fo r  an n ea lin g  te m p e ra tu res  up 
to  240°K, th e n , fo r  J>0 min. p u ls e s  a t  1 4 -20°K i n t e r v a l s ,  th e  e f f e c t  was 
a 30% re d u c tio n  in  damping. C a lc u la tio n s  o f  J ,  th e  number o f d if f u s iv e  
jumps o f a  carbon atom , showed a  p o s i t iv e  v a lu e  from 24D°K and Sw artz
th u s  s t a t e d  th a t  th e  re d a c tio n  in  damping can on ly  be due to  th e  p in n in g  
of d is lo c a t io n s  by th e  d if f u s io n  o f  carbon atom s, a lthough  th e  i n i t i a l
stages of atmosphere formation did not affect the damping to any
great extent.
For damping values of less than 150 x 10 , Swartz found that
am plitude independent decrem ent, i s  tem p era tu re  s e n s i t i v e .  He f u r th e r  
showed th a t  th e  o v e r a l l  damping co u ld  be ex p ressed  by th e  p roduct o f an 
am plitude dependent term  and a frequency and tem p era tu re  dependent term  
such th a t
S ince th e  e x is t in g  th e o ry  f a i l e d  to  account f o r  t h i s  damping 
in  i r o n ,  Sw artz proposed a m o d if ic a tio n  o f th e  Granato-Llic3se s t a t i c  
h y s te r e s is  th e o ry , such th a t  th e  am plitude o f m otion o f th e  d is lo c a t io n s  
a f t e r  breakaway co u ld  be l im ite d  by a M ott-N abarro ty p e  o f s t r e s s  f i e l d  
surround ing  th e  i n t e r s t i t i a l  im p u r i t ie s .  As has a lre a d y  been s t a t e d ,  th e  
d is lo c a t io n  motion must be r e s t r i c t e d  to  d is ta n c e s  o f  th e  o rd e r o f  2 0 b  
and one model, th a t  would account fo r  d is lo c a t io n  movements o f t h i s  o rd e r , 
invo lved  th e  m otion o f k in k s  along  th e  d is lo c a t io n .
d is lo c a t io n  h y s te r e s i s  by th e  s t r e s s  f i e l d  o f  an im p u rity  i s  most 
ap p rec iab le  to  abody  c e n te re d  cub ic  m etal c o n ta in in g  a  h ig h e r  p ro p o r tio n  o f
\ v\ »fc«
th e  am plitude dependence i s  approx im ate ly  l i n e a r  and th a t  S
(11)
Sw artz and Weertman (41) s t a t e  t h a t  th e  r e s t r i c t i o n  to
s u b s t i tu t io n a l  im p u r i t ie s .
Some re c e n t work by Japanese re s e a rc h  w o r k e r s ^ ^ ^ " ^  on 
d is lo c a t io n  damping and i n t e r s t i t i a l  d i s lo c a t io n  in te r a c t io n  in  d i lu t e  
i ro n -n itro g e n  a l lo y s ,  has shown th a t  a f t e r  11# defo rm ation  in  to r s io n ,  th e  
damping c o n s is ts  o f  a d is lo c a t io n  component and Snoek component due to  th e  
n itro g e n  atom s. For very  low n itro g e n  c o n te n ts ,  l e s s  than  0 .0005 wt#, the  
damping a f t e r  co ld  work i s  p redom inan tly  th a t  o f th e  d is lo c a t io n  type w ith  
both  am plitude dependent and independent components.
The recovery of damping after cold work in iron is thus 
complicated by three factors
1. The influence of the damping of interstitial atoms themselves 
on the total energy loss and the subsequent reduction of this 
effect by the diffusion of interstitials to sinks.
2. The overlapping of amplitude dependent and independent damping 
at certain amplitudes.
3 . The e f f e c t  o f  tem p era tu re  on background damping.
2.3* THE COLD WORKED PEAK
A r e la t e d  to p ic  to  th e  K 3 ste r e f f e c t ,  i s  th e  peak th a t  i s  found
at ^  2100.°C in cold worked iron and iron alloys* This was first 
(A4) ( ifR)
reported by Snoek and Ke , using a low frequency, low amplitude,
to rsion-pendulum  a p p a ra tu s . Ke v e r i f i e d  th a t  th e  peak was a s s o c ia te d  w ith  
i n t e r s t i t i a l  atoms and o b ta in e d  an a c t iv a t io n  energy fo r  the  peak o f  
32 K cals/m ole: p o s tu la t in g  a mechanism in v o lv in g  th e  v isco u s  b eh av iou r o f
s lip p e d  bands he though t th a t  a  mechanism in v o lv in g  th e  s t r e s s  induced  
movement o f i n t e r s t i t i a l s  might be p o s s ib le .
More e x ten s iv e  work was c a r r ie d  ou t by K£Jster, B angert and
(^6)Hahn on pure iro n  w ith  sm all amounts o f  i n t e r s t i t i a l s  p re s e n t and t h i s  
has le d  to  th e  peak o f te n  being  r e f e r r e d  to  as  th e  KBster peak . They 
showed th a t  th e  200°C peak h e ig h t in c re a se d  l i n e a r ly  w ith  in c re a s in g  
carbon c o n ten t up to  a  p a r t i c u l a r  c o n c e n tra tio n , beyond which no f u r th e r  
in c re a se  in  damping could  be o b ta in ed . iSmsepaaacjaag %mr w&iM&Ub.
This c r i t i c a l  le v e l  cou ld  be in c re a se d  by h ig h e r  defo rm ations and any 
in c re a s e s  in  th e  200°C peak were a s s o c ia te d  w ith  s im i la r  in c re a s e s  i n  th e  
Snoek peak . The a u th o rs  th u s  drew th e  co n c lu s io n  th a t  th e  peak was due to
an in te g r a l  d is lo c a t io n  -  i n t e r s t i t i a l  p ro ce ss  and proposed a mechanism
whereby th e  d is lo c a t io n ,  bowing ou t under th e  a p p lie d  o s c i l l a t i n g  s t r e s s ,  
p u lle d  th e  i n t e r s t i t i a l  away from th e  d is lo c a t io n  c o re .
(If7)
B eshers used th e  r e s u l t s  o f  K o ster e t  a l* to  c a lc u la te  th e  
b in d in g  energy o f  an i n t e r s t i t i a l  to  a d is lo c a t io n ,  assuming th a t  th e  
i n t e r s t i t i a l s  d i s t r ib u te d  i n  th e  s t r e s s  f i e l d  o f a  d is lo c a t io n  obeyed 
Ferm i-D irac s t a t i s t i c s ,  and o b ta in e d  a value o f 0 .3  eV f o r  a carbon atom .
Kamber and W e r t ^ ^  had s t a t e d  th a t  th e  co ld  worked peak 
re q u ire d  a c e r ta in  tim e o f  an n ea lin g  b e fo re  i t  appeared  and su g g ested  th a t  
a p r e c ip i t a t e  was n ecessa ry  fo r  th e  peak to  appear and th a t  th e  mechanism 
re sp o n s ib le  fo r  th e  peak was due to  th e  la g  o f th e  p r e c ip i t a t e  behind th e
( Zf Q)
o s c i l l a t i n g  d is lo c a t io n  lo o p . In  a  f u r th e r  p ap er , Kamber e t  al* 
su p p o rted  t h i s  mechanism o f  th e  m otion o f a  d is lo c a t io n  -  C o t t r e l l  
atm osphere under an  o s c i l l a t i n g  s t r e s s ,  * and' su g g ested  th a t  fo r  l a r g e r  
i n t e r s t i t i a l  c o n te n ts , th e re  was a  th re e  way d i s t r ib u t io n  o f  i n t e r s t i t i a l s  
between norm al l a t t i c e  s i t e s ,  d is lo c a t io n s  and p r e c ip i t a t e s .
Mura e t  a l ^ ^ ,  working on co ld  worked and quenched s t e e l s ,
o b ta in ed  an a c t iv a t io n  energy  fo r  th e  K b ste r peak which v a r ie d  between
32 and kk K cals/m ole and f o r  th e  quenched peak , a  va lue  o f ^0-^-2 K cals/m ole .
From th e se  v a lu e s , which a re  h ig h e r  th an  f o r  i n t e r s t i t i a l  d i f f u s io n  and
lower th an  fo r  s e l f  d i f f u s io n ,  th ey  proposed amechanism o f s o lu t io n  and
6
r e p r e c ip i ta t io n  o f  sm all co h eren t p r e c ip i t a t e s  ( ^  8 a ) a s  th e  d is lo c a t io n  
o s c i l l a t e s  on th e  s l i p  p lane  r e l a t i v e  to  them . The change in  s t r e s s  
between th e se  p r e c ip i t a t e s  on a d is lo c a t io n  and i n  th e  f r e e  l a t t i c e  
produced the  energy lo s s .
R ecen tly , and B eshers have produced r e s u l t s  which
(Zf6)
a re  a t  v a ria n ce  w ith  th e  co n c lu s io n s  o f K o ster e t  a l  • They showed 
t h a t ,  w ith  zero  s o lu te  c o n te n t , th e  co ld  worked peak had  a  f i n i t e e  v a lu e  
which depended on th e  p r io r  tre a tm e n t o f  th e  specim en and th a t  th e
r e la t io n s h ip  betw een the  Snoek peak and K8’s t e r  p eak ,was independen t o f 
th e  degree o f co ld  work a f t e r  quenching.
An a l t e r n a t iv e  e x p la n a tio n  fo r  th e  200°G peak was su g g es ted  by 
(52)R osenfe ld  in  term s o f  an i n t e r s t i t i a l  oxygen o rd e rin g  mechanism, b u t
(53)t h i s  i s  d isp u te d  by B arrand and Leak , who s t a t e  th a t  th e  peak i s  due 
to  f in e  n i t r i d e  o.r ca rb id e  p r e c ip i t a t e s  p in n in g  d i s lo c a t io n s ,
2 .4 . THE 220°C PEAK IN QUENCHED STEELS
An analogous peak to  the  K S ster peak has been found a t  ^  2.20°C
(54)in  quenched s t e e l s .  S ta rk  e t  a l  have shown t h a t ,  i n  a  quenched
s t e e l  o f  e u te c to id  com position , a  peak i s  observed  a t  220°C w ith  th e  absenc
o f any Snoek peak . The Snoek peak d id  no t appear u n t i l  th e  quenched
sample had been tem pered a t  480°C fo r  one hour and th a t  even a f t e r
tw enty hours a t  650°C, th e  Snoek peak h e ig h t was s t i l l  low er th an  th a t
( 5 5 )
o b ta in e d  in  quenched a - i r o n .  Chernikova observed  a  peak a t  200°C in  
quenched 0 .3 5  and 0 .4 6  carbon s t e e l s  which was a b sen t in  a  quenched 0 .0 1 3  
carbon s t e e l .  The h e ig h t o f  th e  peak , which in c re a s e d  w ith  carbon  c o n ten t 
f e l l  w ith  tem pering  and the  a c t i v a t io n  e n e rg ie s  o f th e  quenched and 
quenched and tem pered peaks were 22-28 K cals/m ole and 51-36 K cals/m ole , 
r e s p e c t iv e ly .  The re d u c tio n  in  peak h e ig h t ,  she s t a t e d ,  was due to  th e  
re d u c tio n  in  carbon c o n ten t o f  th e  m a r te n s i te  on tem pering  and th e  h ig h e r  
a c t iv a t io n  energy o f th e  tem pered m a r te n s i te s ,showed th a t  th e  coup ling
fo rc e s  in  th e  a - l a t t i c e  in c re a se d  when th e  carbon d if fu se d  o u t ,
K r i s i t a l  and Golovin s t a t e d  th a t  th e  200°C peak in  
quenched a l lo y  s t e e l s  was due to  the  d if f u s io n  o f carbon in  r e ta in e d  
a u s te n i te  d e sp ite  p rev io u s  work which had shown th e  absence o f any quenched 
peak in  an a u s te n i t i c  s t e e l  In  a f u r th e r  p a p e r , the  a u th o rs
modify t h e i r  e x p la n a tio n , s t a t in g  th a t  th e  peak i s  due to  a  com bination 
o f s e v e ra l  r e la x a t io n  p ro c e sse s  in v o lv in g  d i f f u s io n  o f  carbon in  r e ta in e d  
y , m ig ra tio n  o f  carbon atoms in  th e  s t r e s s  f i e l d s  o f d is lo c a t io n s  formed 
by th e  m a r te n s i t ic  tra n s fo rm a tio n  and energy  lo s s e s  due to  the rm al s t r e s s e s ,
(59)Recent work by Rawlings and McGrath , i n  which they  summarise 
e a r l i e r  work on th e  quenched peak , has shown th a t  th e  a c t iv a t io n  energy 
fo r  th e  quenched peak in c re a s e s  in  an i r r e g u la r  manner w ith  carbon  co n ten t 
and i s  g e n e ra l ly  g r e a te r  th a n  th a t  fo r  carbon d i f f u s io n .  They a lso  show 
th a t  th e  peak tem p era tu re  r i s e s  w ith  in c re a s in g  carbon c o n te n t , c o rro b o r­
a t in g  some e a r l i e r  w orkT(56), From t h e i r  r e s u l t s  on th e  e f f e c t  o f  co ld  
work on a tem pered m a rte n s i te  they  show an in c re a s e  in  peak h e ig h t and 
decrease  in  peak te m p e ra tu re , Gladman and P i c k e r i n g ^ ^ ,  however, found 
th a t  co ld  working (X f r e s h ly  quenched m a rte n s i te  had no e f f e c t  on th e  peak 
h e ig h t and i t  was su g g ested  th a t  t h i s  was due to  th e  h ig h  i n i t i a l  
d is lo c a t io n  d e n s ity  be in g  u n a ffe c te d  by co ld  work.
2 ,* f ,l ,  Summary o f K oster Peak and Quenched Peak .
I t  ap p ears  th a t  the  peaks found a t  200-250'°C in  co ld  worked 
and quenched s t e e l s  a re  produced by s im i la r  d is lo c a t io n - p o in t  d e fe c t 
i n te r a c t io n .  The recovery  o f  th e  co ld  work peak , which occurs more 
r a p id ly  th an  th e  quenched peak has been su g g ested  as be in g  due to  th e  
p in n in g  down o f d is lo c a t io n  l i n e s  by p o in t d e fe c ts .  The recovery  o f  th e  
quenched peak has been a sc r ib e d  to  th e  removal o f carbon and n itro g e n  from 
s o l id  s o lu t io n  by th e  fo rm ation  o f  s ta b le  i n t e r s t i t i a l  complexes and 
p r e c ip i t a t io n .
2 .5 ,  THE SNOEK PEAK.
2.5*1* Mechanism
The Snoek peaks which occur in  i ro n  a t  20°C and ^0°C ( f  = 1 c / s )
due to  th e  s t r e s s  induced  o rd e rin g  o f  n i tro g e n  and carbon atoms
r e s p e c t iv e ly ,  a re  p robab ly  th e  most w idely  known phenomena in  i n t e r n a l  
(Ijif)
f r i c t i o n  , The in t e r n a l  f r i c t i o n  th a t  a r i s e s  from i n t e r s t i t i a l  atoms
in  s o l id  s o lu t io n  i s  w e ll e s ta b l is h e d  and has r e c e n t ly  been in te r p r e te d
( 6*1)by S ta n le y  and Hughes
F ig . 5 shows p o s s ib le  o c ta h e d ra l s i t e s  f o r  i n t e r s t i t i a l  atom s, 
each having  te t r a g o n a l  symmetry and i f  the  cube i s  d i s to r t e d ,  th en  c e r t a in  
s i t e s  a re  made more p re fe ra b le  th an  o th e r s .  F ig , 6a shows th e  p o s i t io n  
o f a  cube in  a  w ire  which i s  h e ld  r i g i d ly  a t  one end and th en  tw is te d  by
✓
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FIG 6  THE EXTENSION O F  PARTICULAR 
INTER STICES DUE T O  T O R SIO N
ap p ly ing  a s t r e s s  a t  th e  o th e r :  such a system  i s  th e  b a s is  fo r  th e
to r s io n  pendulum. On th e  a p p l ic a t io n  o f th e  s t r e s s ,  ABCD w i l l  be 
d i s to r te d  to  ABCD -  F ig . 6b -  s in c e  each la y e r  o f  atoms r o t a t e s  in  i t s  own 
p lane  and th u s  th e  i n t e r s t i c e s  i n  th e  x p o s i t io n  w i l l  be ex tended  and th o se  
a t  y w i l l  be com pressed. Hence th e re  w i l l  be a  tendency  fo r  i n t e r s t i t i a l  
atoms to  change t h e i r  p o s i t io n  from y s i t e s  in to  th e  ex tended  x i n t e r s t i c e s  
in  o rd e r  to  reduce th e  i n te r n a l  s t r e s s .  On r e le a s in g  th e  a p p lie d  s t r e s s ,  
th e  w ire r e tu rn s  to  i t s  o r ig in a l  p o s i t io n  and th e  excess atoms in  x  s i t e s  
jump back to  y s i t e s  to  r e s to r e  th e  thermodynamic e q u ilib r iu m  d i s t r i b u t io n .  
S tr e s s in g  in  th e  o p p o s ite  d i r e c t io n  w i l l  cause an analogous o p p o s ite  e f f e c t  
to  ta k e  p la c e  and the  whole s t r e s s  cy c le  and co rrespond ing  i n t e r s t i t i a l  
movements a re  shown i n  F ig . 7*
The s t r a i n  produced by th e  atom ic jumping p ro c e ss  o f  „■ 
i n t e r s t i t i a l s  i s  c a l le d  an a n e la s t i c  s t r a i n  ( e / 7) ,  s in c e  i t  marks the  
d e v ia t io n  from p e r f e c t  e l a s t i c i t y  and i f  th e  t o t a l  number o f i n t e r s t i t i a l s  
in  th e  i ro n  l a t t i c e  i s  (n) th e n  th e  e q u ilib riu m  a n e la s t i c  s t r a i n  ( €  * ) 
produced a f t e r  i n f i n i t e  tim e a f t e r  th e  a p p l ic a t io n  o f a  s t r e s s  ( CT ) 
i s  g iven  by
C" * Kcr  (12)
where K * ftvK 1 a f t e r  P o ld e r  . . . ( 1 3 )
I 9 J [ W T  J
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F I G  7  T H E  S T R E S S  C Y C L E  AND IN T E R S T IT IA L
M O V E M E N T
CT
F I G  8  L A G  O F  A N E L A S T IC  S T R A IN  BE H IN D
T H E E Q U IL IB R IU M  VALUE
42.
In  to r s io n  pendulum exp erim en ts , th e  s t r e s s  th a t  i s  a p p lie d  to  
th e  w ire  v a r ie s  s in u s o id a l ly  w ith  tim e , such th a t
or = cr^ s in  wt
and i t  can be shown th a t  th e  e q u ilib riu m  a n e la s t i c  s t r a i n  i s  always in  
phase w ith  th e  a p p lie d  s t r e s s  w hile  th e  a c tu a l  a n e la s t ic  s t r a i n ,  
produced a t  any tim e , i s  c o n t in u a lly  try in g  to  re a ch  t h i s  eq u ilib riu m  
value b u t la g s  b eh in d , due to  th e  i n a b i l i t y  o f th e  i n t e r s t i t i a l s  to  change 
s i t e s  f a s t  enough to  g iv e  th e  re q u ire d  s t r a i n  in  th e  re q u ire d  tim e .
This i s  shown in  F ig . 8 , and can be ex p ressed  by eq u a tio n  14;
>t ^
£  = k ^ -sin  ( u ) t <£) • • • • • • • • ( 1 4 )
ft
where £ 0 s  K cr*» Cos ^  • • • • • • • . ( 1 5 )
and tcxw (p = u*Tc .( 16)
ex.
where l c  i s  .
Thus, a t  any i n s t a n t ,  th e  t o t a l  s t r a i n  £  i s  g iven  by th e  sum o f 
th e  e l a s t i c  and a n e la s t ic  com ponents, such th a t :
£  — £ + £  • • • • • • • • ( 1 7 )
I f  th e se  a re  re p re se n te d  v e c to r i a l l y ,  F ig . 9» i t  can be seen  th a t  
a lthough  th e  a n e la s t ic  s t r a i n  la g s  behind  th e  e l a s t i c  s t r a i n  by 0  , th e
t o t a l  s t r a i n  la g s  behind the  e l a s t i c  s t r a i n  by an ang le  qt where <x < 0
such th a t
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Now in  a  p e r f e c t ly  e l a s t i c  system , s in c e  th e  a p p lie d  s t r e s s  and
re s u l ta n t  s t r a i n  a re  in  p hase , th e re  i s  no lo s s  o f energy  during  c y c lic
s t r e s s in g  bu t in  an a n e la s t ic  system , where th e  t o t a l  s t r a i n  la g s  behind  the
s t r e s s ,  th e  r a t i o  o f  the energy  l o s t  p e r cy c le  to  th e  t o t a l  v ib r a t io n a l
/ A  E \energy, i s  c a l le d  th e  s p e c i f ic  damping c a p a c ity  C ) o f  th e  system , and
E
i t  can be shown th a t  
/ \
  = QLtc SvwoC = 2tv: boLwoI  . . . ( 1 9 )
E
and th a t  C = 1  ^ 5  »■ pe  (20)
0 2 e
where S  i s  th e  ex p erim en ta l measure o f in te r n a l  f r i c t i o n  c a l le d  th e  
lo g a rith m ic  decrem ent and ta-Tv (x i s  o f te n  r e f e r r e d  to  as
In  o rd e r  to  d e riv e  th e  i n t e r n a l  f r i c t i o n  curve th a t  i s  produced 
from a p lo t  o f 8  a g a in s t  freq u en cy , S tan ley  and Hughes s p l i t  th e  p ro cess  
in to  c o n tr ib u tio n s  due to  th e  degree o f phase la g  and th e  change in  the  
number o f  i n t e r s t i t i a l  atoms changing s i t e s  and produce th e  s ta n d a rd  
ex p ress io n  fo r  th e  i n t e r n a l  f r i c t i o n  curve which i s  g iven  by
btxrv a  st A E   ( 21)
\ +• (uii-)1
where A  E i s  the  r e la x a t io n  s t r e n g th ,  v a r ie s  w ith  tem p era tu re  such 
th a t  - j  s  and vO a 2 u f  •
The i n t e r n a l  f r i c t i o n  curve can th u s  be o b ta in e d  e i t h e r  by 
vary ing  th e  frequency o r  tem p era tu re  and w i l l  peak a t  w r  = 1 ,
One can a ls o  p re d ic t  th e  number o f  atoms changing a t  th e  peak by 
u s in g  eq u a tio n  151 where
ej' = Vcoi cos<p
, O . o
and s u b s t i t u t in g  value  o f <p -  o  fo r  no phase la g  and = h5 fo r  th e  peak
c o n d itio n  one o b ta in s  Co = Vccs^  & k o ;  r e s p e c t iv e ly ,  showing th a t  7^% o f
/z
th e  a v a i la b le  atoms change s i t e s  a t  th e  p eak . The o th e r  ex trem ely
im p o rtan t c o n c lu s io n  i s  th a t  th e  peak h e ig h t i s  d i r e c t ly  p ro p o r t io n a l  to
the  number o f  i n t e r s t i t i a l  atoms in  f r e e  s o l id  s o lu t io n .
2 .5*2 . D e riv a tio n  o f  A c tiv a tio n  E nergy .
The a c t iv a t io n  energy  (.<£ ) o f th e  p ro ce ss  re s p o n s ib le  fo r  th e  
r e la x a t io n  peak can be d e riv e d  in  th re e  ways.
(a )  From th e  w idth  o f  th e  peak where i t  can be shown th a t
•yj, = J- - x  = s ' x §   (22)
* T, a
(b) From a  change in  frequency, s in c e  th e  peak i s  governed by 
co T  * 1. Then fo r  a  change in  frequency  f-i — f 2 
producing  a change in  peak tem p era tu re  o f T^ j —>■ T2 i t  can be 
shown th a t
b6.
Q = E log ( Vf) (23)
(  \  -  Wi)
(c )  From an a l t e r n a t iv e  form ula fo r  th e  damping curve g iven  by
where S (max) i s  the  peak h e i g h t , !  y i s  th e  peak te m p e ra tu re .
P
I § IThus i f  s«tW A  i s  p lo t te d  a g a in s t  'T  a  s t r a i g h t  l i n e
r e s u l t s ,  o f  s lo p e  v
2 .5 .3 -  Use and L im ita tio n s  o f  th e  Snoek P eak .
S ince th e  Snoek peak has been shown to  be t h e o r e t i c a l ly
p ro p o r tio n a l to  th e  f r e e  s o lu te  c o n te n t , o b se rv a tio n s  o f the  drop i n  peak
h e ig h t w ith  tim e have been used  to  good e f f e c t  i n  th e  s tudy  o f  th e  ageing
o f i ro n  a l lo y s .  The f a c i l i t y  o f  th e  tech n iq u e  i s  improved by th e  f a c t  t h a t
carbon and n itro g e n  have d i s t i n c t  peaks a t  around room te m p era tu re , w hile
a hydrogen peak on ly  ap p ears  a t  v e ry  low ten rpera tu re  , and th e  e x is te n c e
(52) (53)of an oxygen peak i s  s t i l l  in  doubt »
The m ajor c r i t e r i o n  fo r  th e  use o f  th e  Snoek peak i s  th a t  th e
peak h e ig h t has a  l i n e a r  r e la t io n s h ip  w ith  th e  in te r s t it ia l, content
(65-75)and t h i s  has been confirm ed by many a u th o rs  * T able 1, a f t e r
L e a k ^ * ^ , shows th e  v a rio u s  re p o r te d  p r o p o r t io n a l i ty  c o n s ta n ts  between 
damping and s o lu te  c o n te n t .
TABLE 1. P r o p o r t io n a l i ty  c o n s ta n ts ^ g j?  th e  e q u a tio n  
s o lu te  wt.% = K x
R eference 4 S o lu te Average K
D ijk s t r a  (65) Carbon 0 .3 2
P it s c h  and Lucke (66) 0 .4 1
Wepner ( 67) 0 .415
Wert and K eefer (68) 0 .3 2
Lagerburg and Jo se fsso n  (69) 0.32
Thomas and Leak (71) 0 .4
D ijk s t r a  (65) N itrogen 0 .3 2
Rawlings and Tambini (7*0 0 ,41
F a s t and V e rr ijp  (71) 0 .4
Astrom and B o re liu s  (72) O.32
Thomas and Leak (73) 0 .39
Aoki e t  a l . (75) 0.52
(72)Astrom and B o re liu s  , however, showed some d e v ia t io n  from a
(69)l i n e a r  r e l a t io n s h ip ,  w hile  Lagerburg and J o se fs so n  s t a t e d  th a t  th e  
specimen g ra in  s i z e  had a c o n s id e ra b le  e f f e c t  on th e  peak h e ig h t .  They 
slowed th a t  a f in e  g ra in e d  specim en had a  low er peak h e ig h t th a n  a  co a rse  
g ra in e d  sample o f  s im i la r  i n t e r s t i t i a l  c o n te n t and a lso  found th a t  
quenching from d i f f e r e n t  te m p e ra tu res  in  th e  a - re g io n  a f f e c te d  th e  peak
h e ig h t .  They su g g es t th a t  the  low er peak h e ig h t o f  th e  f in e  g ra in e d
m a te r ia l  i s  due to  enhanced g ra in  boundary s e g re g a tio n  during  quenching,
(76)an o b se rv a tio n  su b seq u en tly  confirm ed by S ta rk  e t  a3» * A nother
im p o rtan t f a c to r  a f f e c t in g  th e  peak h e ig h t ,  i s  th a t  o f o r ie n ta t io n  s in c e  
many w o r k e r s ^ ^  (77) (78) s fr0]/m ^he peak to  be a  s tro n g  fu n c tio n  o f
te x tu r e .
S im ila r ly , any o th e r  f a c to r s  t h a t  produce i r r e g u l a r i t i e s  i n  th e
peak must be co n sid e red  when u s in g  th e  peak h e ig h t fo r  assessm ent o f  ageing
(79)k in e t i c s .  D i jk s t r a  and S ladek  found th a t  0.5% manganese co n sid e ra b ly  
broadened th e  n i tro g e n  peak , w hile  chromium, molybdenum and vanadium 
produced s im i la r  b roaden ing  e f f e c t s  to g e th e r  w ith  sm a lle r  peaks a t  h ig h e r 
tem x^eratures. In  i r o n  carbon a l lo y s ,  however, L a g e r b e r g ^ ^  found th a t  
a d d it io n s  o f n ic k e l ,  molybdenum, chromium, manganese o r vanadium produced no 
changes i n ' t h e  shape o f th e  carbon peak , su g g es tin g  a s tro n g e r  in te r a c t io n  
w ith  n i tro g e n  th an  w ith  carbon .
Leak e t  a l . ^ ^  observed  th re e  peaks a t  22°C, 37°C and 62°C in
Fe-N -Si a l lo y s  and su g g ested  th a t  th e  d i f f e r e n t  r e la x a t io n s  were
a s s o c ia te d  w ith  th e  jump o f  n itro g e n  atoms from v a rio u s  s i t e s  a s s o c ia te d  w ith
d i f f e r e n t  com binations o f  iro n .a n d  s i l i c o n  atom s. The 62°C peak th ey
a s s o c ia te d  w ith  th e  movement o f n itro g e n  atoms i n  th e  v i c in i t y  o f
n i t r i d e s ,  i n  an analogous manner to  t h a t  proposed by F a s t and 
(82)M e ije r l in g  . S im ila r  r e s u l t s  were o b ta in e d  by Rawlings and
49.
R o b i n s o n ,  who observed  f iv e  peaks in  F e -N i-S i a l lo y s  and th ey  proposed 
a movement o f  n i tro g e n  atoms from F e -S i s i t e s  as th e  mechanism f o r  peaks 
a t 40°C and 55°C, and f o r  th e  peak a t  28°C th ey  proposed  a mechanism 
asso c ia ted  w ith  slow  moving d is lo c a t io n s ;  th e  peak b e in g  s im i la r  to  t h a t  
found in  a  quenched b in a ry  Fe~N a l lo y  ,
From th e se  o b se rv a tio n s , i t  i s  c l e a r  t h a t  s u b s t i t u t io n a l  
im p u ritie s  have an e f f e c t  on n itro g e n  d i f f u s io n  and thus makes a ‘’c le a n 15 
iron  a prim e r e q u i s i t e  f o r  in t e r n a l  f r i c t i o n  m easurem ents.
In  th e  p re s e n t  work, th e  Snoek peak i s  used to  fo llo w  th e  
ageing r a t e s  o f s t r u c tu r e s  produced by th e  y  to  ^ tr a n s fo rm a tio n  and s in c e  
the r e s u l t s  w i l l  be d i r e c t l y  compared w ith  p a r a l l e l  t e n s i l e  r e s u l t s ,  a  v e ry  
b r ie f  accoun t o f th e  c u r re n t  y ie ld  p o in t  th e o r ie s  and k in e t i c s  o f ageing  
w ill be p re se n te d ,
2.6 THE YIELD POINT PHENOMENON
The g e n e ra l shape o f  a  s t r e s s / s t r a i n  curve e x h ib i t in g  a y ie ld  
drop i s  shown in  F ig ,10. P o in t C re p re s e n ts  th e  upper y ie ld  p o in t  and 
D the low er y ie ld  p o in t ,  w h ile  th e  p o r t io n  DE i s  c a l le d  th e  y ie ld  p o in t  
e longation  o r  Lttders s t r a i n .  At E, g e n e ra l work hard en in g  s t a r t s  and 
the s lo p e  o f  EF i s  c a l le d  th e  work h a rd en in g  exponen t.
50
FIG IO S T R E S S  - STRAIN CURVE
I n i t i a l l y ,  && was co n sid e red  to  be p e r f e c t ly  e l a s t i c  in
I
accordance w ith  Hookes law , b u t su g g es tio n s  by C o t t r e l l  F is h e r  arid
S t r o h ^ ^  su g g ested  th e  e x is te n c e  o f a  p r e - y ie ld  s t r a i n  BC and t h i s  was
(88)ex p e rim en ta lly  v e r i f i e d  by V reeland  e t  a l ,  • R ecen tly  H a s ig u ti e t  
(89)a l  • have shown th a t  m acroscopic d is lo c a t io n  movement occu rs  a t  s t r e s s e s  
f a r  below th e  y ie ld  s t r e s s .
The e x te n t o f  th e  l i t e r a t u r e  a p p lic a b le  to  th e  y ie ld  p o in t
( 90- 94)mechanism i s  volum inous and th e  rev iew s d e sc r ib e  th e  s t a t e  o f y x e ld
p o in t th e o ry  a t  v a rio u s  s ta g e s  in  i t s  developm ent.
2*6 .1 . C o t t r e l l  Atmosphere Theory
T his th e o ry , developed by C o t t r e l l  and B ilb y  , su g g es ts
th a t  th e  sh arp  y ie ld  p o in t in  i ro n  i s  due to  th e  unpinning  o f  d is lo c a t io n s
from i n t e r s t i t i a l  atoms ly in g  a t  th e  co re  o f th e  d is lo c a t io n ,  by an
a p p lie d  s t r e s s .  These unpinned d is lo c a t io n s  r e q u ire  a  low er s t r e s s  to
move th an  th a t  e x is t in g  a t  the  upper y ie ld  p o in t and th u s  a c c e le r a te  
p roducing  ra p id  s t r a i n  a t  a  low er s t r e s s .  The n e t r e s u l t  be ing  th e  
c h a r a c te r i s t i c  drop in  s t r e s s  o r y ie ld  p o in t .
- C o t t r e l l  and B ilby  show th a t  th e  d is lo c a t io n  i s  a p re fe ra b le
s i t e  fo r  an i n t e r s t i t i a l  atom , s in c e  i t  w i l l  r e l ie v e  h y d ro s ta t ic  s t r e s s e s
around th e  d is lo c a t io n  by occupying a p o s i t io n  in  th e  expanded a re a  below
(95)th e  edge d is lo c a t io n  c o re . C ochardt e t  a l .  , however, su g g es t t h a t  th e
C o t t r e l l  and B ilby  assum ption th a t  i n t e r s t i t i a l s  occupy a p o s i t io n  below 
th e  edge d is lo c a t io n ,  i s  wrong and i s  due to  t h e i r  assum ption  th a t  th e  
iro n  .c e l l  i s  s t r a in e d  in  a  h y d ro s ta t ic  manner. They showed th a t  
p r e f e r e n t i a l  s i t e s  e x i s t  on th e  s l i p  p la n es  and th a t  th e  maximum in te r a c t io n  
energy between an i n t e r s t i t i a l  and a  d is lo c a t io n  i s  0 .75  eV and th a t  6 at.fo  
o f i n t e r s t i t i a l s  can be accommodated n e a r  th e  d is lo c a t io n .  They f u r th e r  
su g g est t h a t  i n t e r s t i t i a l s  d if f u s e  to  screw  d is lo c a t io n s ,  s in c e  th e  
e l a s t i c  energy around  a  screw  d is lo c a t io n  i s  reduced  20% by an i n t e r s t i t i a l .
2 .6 .2 .  The H a ll-P e tc h  E quation
(96-99)T his was developed by H all and P e tch  and co-w orkers and
r e l a t e s  th e  low er y ie ld  s t r e s s  ( )  to  g ra in  d iam eter ( 2d) and i n t e r n a l  
s t r u c tu r e  and i s  ex p re ssed  by eq u a tio n  ( 25)•
O y  =5 CrQ + Kd~^ . • • • • • •  . ( 2 5 )
where O v  i s  th e  f r i c t i o n  s t r e s s  and i s  o f te n  ex p ressed  by th e  sum o f two 
components o~* and c r  • , i s  th e  s t r e s s  needed to  move f re e
d is lo c a t io n s  a g a in s t  th e  f r i c t i o n  s t r e s s  p rov ided  by i n t e r s t i t i a l  
p r e c ip i t a t e s  and d is lo c a t io n s  and i s  v i r t u a l l y  tem p era tu re  in d ep en d en t, 
w hile  cr* i s  tem p era tu re  and s t r a i n  r a t e  dependent and can be re p re se n te d  
by th e  th e rm a lly  a c t iv a te d  overcom ing o f some in h e re n t  l a t t i c e  r e s i s ta n c e  
such as  th e  Peieifele-Nabarro s t r e s s .
R ecen tly , P e t c h ^ ^ ^  has shown th a t  th e  upper y ie ld  s t r e s s  can 
be ex p ressed  as  fo llo w s
^ j y  . = + j^psjjL3^  K«A » « . . . « • « ( 26)
where c r  i s  th e  value th e  f r i c t i o n  s t r e s s  would have i f  a l l  th e  g ra in sO
were d e f o r m i n g , A i s  th e  change in  f r i c t i o n  s t r e s s  produced by th e  change
in  s t r a i n  r a t e ,  N i s  th e  number o f  g ra in s  p e r u n i t  volume a c tu a l ly
-1
deform ing a t  th e  upper y ie ld  p o in t and Kd 2 i s  th e  r e s is ta n c e  to  th e  sp read  
o f  s l i p  bands.
S c h o e k ^ ^ ^  has proposed a f r i c t i o n  s t r e s s  concept r a th e r  th an  a
th e rm a lly  a c t iv a te d  unpinn ing  o f d is lo c a t io n s ,  to  e x p la in  th e  tem p era tu re
dependence o f th e  upper y ie ld  p o in t .  He p roposes th a t  th e  f r i c t i o n  s t r e s s
i s  due to  th e  h ig h  in h e re n t jog  d e n s ity  i n  body c e n te re d  cub ic  m e ta ls ,
( 102)r a th e r  th an  to  a  P e ie r ls -N a b a rro  s t r e s s .  However, W ilson s t a t e s  th e
upper y ie ld  s t r e s s  i s  a  fu n c tio n  o f  th e rm al unp inn ing  and from th e  jagged  
work harden ing  re g io n  o f h is  s t r e s s / s t r a i n  c u rv e s , o b ta in e d  fo r  t e s t i n g  
tem p era tu res  above 100°C ,suggests th a t  slow moving d is lo c a t io n s  a re  h e ld  up 
by d if f u s in g  atom s.
C o n r a d h a s  r e c e n t ly  rev iew ed th e  ex p erim en ta l d a ta , 
c o rro b o ra tin g  th e  P e tch  a n a ly s is  o f  th e  y ie ld  s t r e s s ,  and su g g es ts  th a t  
the  y ie ld  mechanism in  i n t e r s t i t i a l  s o l id  s o lu t io n s  o f i r o n ,  i s  due to  a  
d is lo c a t io n  v e lo c i ty  mechanism r a th e r  th a n  th e  unpinn ing  o f  d is lo c a t io n s
from i n t e r s t i t i a l  a tm ospheres.
2*6,3* D is lo c a tio n  V e lo c ity  Mechanism.
T his th e o ry  was proposed by Johnson and G i l m a n ^ t o  account 
fo r  th e  y ie ld  drop o b ta in e d  i n  L ith ium  F lu o r id e , The au th o rs  used  an e tch  
p i t  tech n iq u e  to  observe th e  v e lo c i ty  o f  d is lo c a t io n s  and found th e  v e lo c i ty  
(*\jr) to  be s e n s i t iv e  to  s t r e s s  and tem p era tu re  as  shown in  e q u a tio n  (27)
XT -  VC c r  e ....................................................... ................ (27)
where K i s  a  c o n s ta n t ,  <T i s  th e  a p p lie d  s t r e s s ,  m v a r ie s  between 15 and 25 
depending on th e  c r y s t a l  h i s to r y  and S , th e  a c t iv a t io n  energy f o r  movement, 
i s  0.7eV and i s  independent o f s t r e s s .
The p l a s t i c  s t r a i n  r a t e  £  can th e n  be w r i t te n  as
Q , -  n i x ......................................................... ................. ( 28)
where \> i s  th e  B urgers v e c to r  and n i s  th e  number o f  d is lo c a t io n s /u n i t  a re a .
The y ie ld  s t r e s s  in  LiF i s  determ ined  by th e  s t r e s s  re q u ire d  to  
move a d is lo c a t io n  in  an o th e rw ise  d is lo c a t io n  f r e e  m a te r ia l  and i s  n o t
in f lu e n c e d  by p in n in g  s in c e  g in n e d 'd is lo c a t io n s  do n o t ta k e  p a r t  in  th e  y ie ld
mechanism. The s t r e s s / s t r a i n  curve i s  e x p la in ed  by th e  movement o f 
random d is lo c a t io n s ,  a t  s t r e s s e s  below the  y ie ld  s t r e s s ,  p roducing  a 
p re y ie ld  s t r a i n .  Under th e  in c re a s in g  s t r e s s ,  th e  v e lo c i ty  o f th e se
d is lo c a t io n s  in c re a s e s  and in te r a c t io n  p roducing  la rg e  s c a le  d is lo c a t io n  
m u l t ip l ic a t io n  r e s u l t s .  The v e lo c i ty  o f  t h i s  la rg e  number o f  d is lo c a t io n s  
i s  to o  h igh  to  m ain ta in  th e  s t r a i n  r a t e  and th u s  th e  s t r e s s  d ro p s . Work 
harden ing  occurs  when th e  d e fe c ts  l e f t  in  th e  wake o f  th e se  moving 
d is lo c a t io n s  i n t e r f e r e  w ith  th e  subsequen t movement o f  o th e r  d i s lo c a t io n i ^ " ^
The d is lo c a t io n  m u l t ip l ic a t io n  p ro c e ss  has been d escribed^  by 
the  fo rm ation  o f jo g s  on screw  d is lo c a t io n s  by double c ro s s  s l i p :  a
( 106)'*“ w ( 107)mechanism o r ig in a l ly  proposed by K oehler and Orowan
C o n ra d ^ ^ ^  p o in ts  ou t th a t  th e  th re e  req u irem en ts  fo r  th e  
d is lo c a t io n  v e lo c i ty  a re  a l l  found i n  i r o n .  These a re
(a ) That th e re  sho u ld  e x i s t  i n i t i a l l y  o n ly  a  l im ite d  number o f 
d is lo c a t io n s  a b le  to  be moved,
(b ) That th e  d is lo c a t io n  d e n s ity  c o n tr ib u tin g  to  th e  defo rm ation  
shou ld  in c re a s e  r a p id ly  w ith  s t r a i n .
jr
(c )  That th e  change in  s t r e s s  fo r  a  g iv en  s t r a i n  r a t e  shou ld  be 
reaso n ab ly  la r g e .
He shows th a t  a  s t r e s s / s t r a i n  curve a g re e in g  very  w e ll w ith  ex p erim en ta l 
d a ta  can be d e riv e d  from an e x p re ss io n  such a s
where c r*  in c o rp o ra te s  a d is lo c a t io n  v e lo c i ty  component and i s  a
compound in v o lv in g  s t r a in *
Hahn, G ilb e rt and R e i d ^ ^  \  working on i r o n ,  showed th a t  th e  
d is lo c a t io n  d e n s ity  in c re a s e d  m arkedly w ith  s t r a i n  bu t d id  n o t d is t in g u is h  
between moving d is lo c a t io n s  and th e  t o t a l  d is lo c a t io n  d en sity*  By ta k in g  
in to  account th e  h a rd en in g  e f f e c t  o f  d is lo c a t io n s  and o th e r  d e fe c ts  
g en e ra ted  d u rin g  th e  d is lo c a t io n  m u l t ip l ic a t io n  p ro c e ss , th e y  showed th a t  the  
s t r e s s - s t r a i n  curve can be d e riv ed  from e q u a tio n  (30) where
t  = a.  i r  + ^  ( p . + ( o - - q , e ? >m . ( 30) _ _ _ _ ----------------------
where q i s  th e  s t r a i n  ha rd en in g  c o e f f i c i e n t ,  f j  i s  th e  d e n s ity  o f m obile 
d is lo c a t io n s  p re se n t in  th e  undeformed c r y s t a l ,  f  i s  a  p e ram eter o f  th e  o rd e r 
o f 0 .1 ,  cr i s  th e  a p p lie d  s t r e s s  and i s  th e  s t r e s s  co rresp o n d in g  to  u n i t  
d is lo c a t io n  v e lo c i ty .  Computed cu rv es  from eq u a tio n  (30) show very  good 
agreem ent w ith  ex p erim en ta l c u rv e s .
2*7* . KINETICS OF AGEING.
T h eo ries  fo r  th e  k in e t i c s  o f th e  ageing  p ro c e ss  la r g e ly  stem 
from th e  C o t t r e l l - B i lb y  atm osphere th e o ry  o f th e  y ie ld  p o in t mechanism.
They showed th a t  the  d r iv in g  fo rc e  fo r  th e  ageing  p ro c e ss  was due to  th e  
r e l i e f  o f s t r e s s  th a t  o ccu rred  when an i n t e r s t i t i a l  atom m ig ra ted  to  a
d is lo c a t io n  and th a t  the  r a te  o f m ig ra tio n  could  be ex p ressed  by an 
eq u a tio n  o f the  form
a v =  (31)
where i s  th e  s o lu te  c o n c e n tra tio n  a f t e r  tim e t ,  a*  i s  th e  i n i t i a l
s o lu te  c o n c e n tra tio n , A i s  th e  d is lo c a t io n  d e n s i ty ,  A i s  the  in te r a c t io n
?0 2p aram eter which fo r  n i tro g e n  i s  1*3 x 10*" 'em  ^ D:.is th e  d if f u s io n
c o e f f ic ie n t  and a  i s  a c o n s ta n t.
(109) iHowever, H arper showed th a t  e q u a tio n  (31) was on ly  v a l id  fo r
th e  i n i t i a l  s ta g e s  o f  ageing  and s ta t e d  th a t  t h i s  was due to  th e  f a c t  th a t
C o t t r e l l  and B ilb y  d id  n o t take, in to  account th e  e f f e c t s  o f back
d if f u s io n ,  due to  th e  b u i ld  up o f i n t e r s t i t i a l s  a t  th e  d is lo c a t io n s ,  o r
th e  e f f e c t  o f d e p le t io n  o f the  bu lk  s o lu t io n .  He developed a m odified
r e la t io n s h ip ,  eq u a tio n  (3 2 ) , which was v a l id  fo r  axoproximately 90% o f th e
ageing  p ro c e ss .
a t 1 — exp
no
-e tA .
VcT (32)
in  h is  m o d if ic a tio n  took  in to  account th e  e f f e c t  o f  
d r i f t  and back d i f f u s io n ,  and s a id  th a t  f o r  very  'sh o r t tim e s , th e  
law was a p p lic a b le  bu t fo r  th e  m a jo rity  o f  th e  ag e in g  p ro c e ss , when 
m ig ra tio n  i s  a s s i s t e d  by back d i f f u s io n ,  th e  p re c ip i ta te d , f r a c t io n  W can 
be ex p ressed  by
58 .
lo g  (l-w ) * — (-—)   (33)
Bullough and Newman , how ever, co n sid e red  th a t  back
d if fu s io n  e f f e c t s  on ly  a s s i s t  th e  s e g re g a tio n  p ro cess  i n  th e  e a r ly  s ta g e s
o f ageing  and t h a t ,  i n  th e  l a t e r  s ta g e s ,  i s  a  m ajor f a c to r  in  slow ing down
th e  p ro c e ss . They n o te  th a t  on ly  about 10$ o f  th e  a v a i la b le  i n t e r s t i t i a l s
d if fu s e  to  d is lo c a t io n s  and th u s  atm osphere fo rm ation  a lo n e  cannot accoun t
fo r  th e  co n tinued  rem oval o f  i n t e r s t i t i a l s  from s o l id  s o lu t io n  th a t  i s
(112)observed  fo r  th e  whole ageing  p rocess*  Mura e t  a l*  summarise the  
p rev io u s  th e o r ie s  fo r  th e  k in e t i c s  o f ageing  and s t a t e  th a t  H arp er’s 
m o d if ic a tio n  shows good agreem ent w ith  ex p erim en ta l d a ta  fo r  up to  90% 
ag e in g . Curves d e riv ed  from Ham’s  th eo ry  do n o t show a  good f i t  w hile 
those  o f Bullough and Newman show f a i r  agreem ent d e s p ite  t h e i r  assum ption 
of i n t e r s t i t i a l  d i s t r i b u t io n  around an edge d is lo c a t io n ,  w hereas i n  f a c t  
i t  i s  l im ite d  to  p o s i t io n s  e i t h e r  above o r  below th e  s l i p  p la n e . Mura e t  
a l,d ev e lo p e d  an ex p re ss io n  ta k in g  in to  account back  d if f u s io n  d u e -to  
atm osphere fo rm atio n  and s t a t e  th a t  a  good f i t  can be d e riv e d  from an 
eq u a tio n  o f  the  form
A *_ I A k v i , \ /  D t  \
-
where n© i s  the  amount s e g re g a te d , y i s  the  e f f e c t iv e  atm osphere
o
d iam eter U  30/0 and A i s  an i n t e r a c t io n  p a ra m e te r.
2 .7 .1 .  Ageing r e s u l t s  fo r  i r o n  a l lo y s
(6*5)D jik s t r a  was one o f  th e  f i r s t  w orkers to  u se  th e  v a r ia t io n  in  
Snoek peak h e ig h t to  fo llow  the  ageing  p ro c e s s , when he showed th a t  s t r a i n  
ageing  o ccu rred  much more ra p id ly  th an  quench ag e in g , W e r t^ ^ ^  showed 
th a t  th e  quench ageing  o f Fe-C and Fe-N a l lo y s  cou ld  be ex p ressed  by an 
e x p o n e n tia l r a t e  p ro cess  and showed th a t  i n  p r e c ip i t a t io n  from d u a l s o l id  
s o l u t i o n ^ t h e  p r e c ip i t a t io n  o f one i n t e r s t i t i a l  was m arkedly a f f e c te d  
by th e  o th e r .
C o t t r e l l  and L e a k ^ " ^  showed th a t  quench a g e in g , p receed in g  s t r a i n
ag e in g , had a  marked e f f e c t  on th e  s t r a i n  ageing  r a t e  and su g g es ted  th a t
th e  h ig h  ageing  r a t e s ,  o b ta in e d  a t  te m p e ra tu res  between *t0° and 65°C, were
(77)
due to  a r e s o lu t io n  o f  f in e  p r e c ip i t a t e s  a f t e r  s t r a i n i n g .  - Kuna , w orking 
on Fe-C s in g le  c r y s t a l s ,  showed th a t  a f t e r  s t r a in in g  an  aged specim en, an
So\lA.fc lOA,
in c re a s e  in  peak h e ig h t re s u lte d ^  su g g es tin g  a  o f  p r e c i p i t a t e s ,
an e f f e c t  which w a s 'a lso  observed  by C a r s w e l l ' w h e n  he s t r a in e d  a f u l l y
quench aged Fe-N a l lo y .  C arsw ell found t h a t  th e  3$% in c re a s e  i n  damping
&o b ta in e d  a f t e r  s t r a in in g ,  g ra d u a lly  decayed, fo llo w in g  th e  £ law , and 
a t t r i b u t e d  th e  i n i t i a l  in c re a s e  to  th e  in c re a se d  number o f d is lo c a t io n s ,  
red u c in g  th e  i n t e r a c t io n  betw een i n t e r s t i t i a l s  and p r e c ip i t a t e s  and to  a  
p a r t i a l  r e s o lu t io n  o f e x is t in g  in c o h e re n t p r e c i p i t a t e s .  Swart z ,
however, s t a t e d  th a t  the  in c re a s e  was due to  a  r i s e  i n  background and 
th a t  th e re  was no evidence fo r  r e s o lu t io n ,
Thomas and L e a k ^ ^ ^  showed th a t  th e  s t r a i n  ageing  o f i r o n
carbon and i ro n  n itro g e n  cou ld  be accoun ted  fo r  by eq u a tio n  ( 32) and th a t
th e  a c t iv a t io n  energy f o r  th e  ageing  p ro c e ss  ag reed  very  w e ll w ith  th a t
( 7 0 )  ( n  9 )fo r  th e  d i f f u s io n  o f  carbon and n i tro g e n  in  a - i r o n  , They s t a t e
th a t  th e  d e n s ity  o f i n t e r s t i t i a l  atm ospheres i s  la rg e  enough fo r
(73)p r e c ip i t a t io n  to  occu r and in  a  subsequen t pap er , show th a t  th e  b in d in g  
energy o f  a  n itro g e n  atom to  a  d is lo c a t io n  i s  0 ,7 5  ©V compared w ith  th e  
b in d in g  energy o f  a  n itro g e n  atom to  a  p r e c i p i t a t e ,  which i s  0 ,2 6  eV.
The id e a  th a t  atm osphere fo rm atio n  to g e th e r  w ith  p re c ip d ta t io n
( 3.20 )was th e  mechanism fo r  s t r a i n  ageing  was p u t forw ard  by Hundy , and he
su g g ested  th a t  th e  in c re a s e  in  y ie ld  s t r e s s  th a t  o ccu rred  in  th e  i n i t i a l
s ta g e s  o f  ageing  was due to  atm osphere fo rm atio n  and th a t  no change in
d u c t i l i t y  o r  u l t im a te  t e n s i l e  s t r e s s  would occu r u n t i l  atm ospheres had
reached  th e  s iz e  where f in e  s c a le  p r e c ip i t a t io n  o c c u rre d , B ilby  and
L e a k ^ ^ ^  have shown th a t  i n t e r s t i t i a l s  in  excess o f one o r  two atoms p e r
d is lo c a t io n  l i n e ,  w i l l  d i f f u s e  a long  the  d is lo c a t io n  u n t i l  th ey  meet a
( 122)b a r r i e r  where th ey  w i l l  form a ’’p r e c i p i t a t e ” b u t Mura and B r i t t a in  
show th a t  under some c o n d itio n s  a  y ie ld  p o in t i s  no t found even though an 
atm osphere e x i s t s ,  and s t a t e  th a t  th e  d is lo c a t io n  l in e  te n s io n  and s o lu te  
atm osphere d e n s ity  a long  th e  d is lo c a t io n  a re  f a c to r s  which a f f e c t  th e  
y ie ld  p o in t .
W ilson and R usse l t r i e d  t© e s ta b l i s h  th e  r e l a t i v e  e f f e c t s
o f  atm osphere fo rm atio n  and p r e c ip i t a t io n  and su g g es ted  th a t  th e  i n i t i a l  
s ta g e s  o f  s e g re g a tio n , in v o lv in g  s tro n g  i n t e r s t i t i a l  d is lo c a t io n  i n t e r ­
a c t io n ,  were re sp o n s ib le  fo r  the  in c re a s e  in  y ie ld  s t r e s s  and Lilders 
s t r a in *  T h is  i n i t i a l  s e g re g a tio n , invo lv ing  on ly  0.0005  a t  % o f  th e  
i n t e r s t i t i a l s ,  produced an atm osphere d e n s ity  o f  1-2  atoms p e r  d is lo c a t io n
l i n e .  A ll  th e  s tro n g  in te r a c t io n  s i t e s  were occupied  a t  th e  end o f  t h i s
w Vif i r s t  s ta g e  b u t s o lu te  s e g re g a tio n  s t i l l  fo llow ed  th e  t  k in e t i c s  and 
th e  f u r th e r  r i s e  i n  low er y ie ld  s t r e s s  th ey  accounted  fo r  by th e  fo rm ation  
o f an o u te r  atm osphere h in d e r in g  d is lo c a t io n  movement. When th e  s e g re g a tio n  
was tw ice  th a t  re q u ire d  f o r  d is lo c a t io n  p in n in g , a p p re c ia b le  changes in  
u lt im a te  t e n s i l e  s t r e n g th  and d u c t i l i t y  were observ ed . However, th e  
p r e c ip i t a t e s  would s t i l l  be u n re so lv ab le  a t  t h i s  s ta g e .
(12A)Wepner showed th a t  th e  quench ag ein g  r a te  o f an i r o n  carbon
a l lo y  cou ld  be d e sc r ib e d  by e q u a tio n  (33) > where n v a r ie d  between 1 .2  and 
1.5* and on s t r a in in g  2.5%-» tli® decrem ent/tim e cu rv es  were n o t smooth 
and Wepner su g g es ted  a  two s ta g e  p ro ce ss  in v o lv in g  i n i t i a l  C o t t r e l l  
atm osphere fo rm ation  fo llow ed  by a  tim e law o f c a rb id e  p r e c ip i t a t i o n .
ay
3% s t r a i n  ageing  produced a t  r e la t io n s h ip  which confirm ed Wepners
(91)p rev io u s  o b se rv a tio n  th a t  s t r a i n  ageing  and quench ageing  p ro c e sse s  
o v e rlap  due to  th e  inhomogenous n a tu re  o f th e  s t r a i n .  Work by Hacks a" 
and H e l l e r s u p p o r t  t h i s  view .
62.
The e x te n t to  which i n t e r s t i t i a l s  form atm ospheres o r  
p r e c ip i ta te  w ith in  th e  m atrix  ap pears  a lso  to  be s tro n g ly  tem p era tu re  
dependent ^126 ^ 127 ^ .
P a r a l l e l  o b se rv a tio n s  u sin g  e le c tro n  m icroscopy have c o rro b o ra te d
(l?8)some o f th e  su g g es tio n s  made to  account f o r  ageing  r a t e s .  L e s l ie
has shown th a t  p r e c ip i t a t io n  in  Fe-C a l lo y s  o ccu rred  w ith i |i  th e  m a trix  as
w ell as a t  d is lo c a t io n s  and th a t  fo r  ageing  tem p e ra tu res  below 100°C th e
p r e c ip i ta te  changes from Fe^C to  an u n id e n t i f ie d  c a rb id e . He su g g es ts
th a t  th e  h igh  ag ein g  r a t e s  which have been observed  a t  low tem p e ra tu res  a re
due to  th e  p r e c ip i t a t io n  o f  c a rb id e  w ith in  th e  m a trix  and th a t  th e se
c a rb id e s , r a th e r  th an  th o se  formed a t  d is lo c a t io n s ,  have th e  most
(129)pronounced e f f e c t  on m echanical p r o p e r t ie s .  Hale and McLean showed
th a t  d is lo c a t io n s  were p r e f e r e n t i a l  s i t e s  fo r  n u c le a t io n  b u t t h a t  
p r e c ip i ta t io n  between d is lo c a t io n s  o ccu rred  to  a  g r e a te r  e x te n t a t  low er 
te m p e ra tu res .
2 .8 . MASSIVE TRANSFORMATION
2 .8 .1 .  In tro d u c tio n
C onsiderab le  i n t e r e s t  has been shown in  th e  l a s t  few y e a r s ,  in  
th e  nd i f f u s io n l e s s n tra n s fo rm a tio n s  which produce m assive p ro d u c ts . The 
term  d e sc r ib in g  th e se  tra n s fo rm a tio n s  seems to  have o r ig in a te d  e n t i r e ly  
from th e  tra n s fo rm a tio n  p roduct morphology and has been used to  cover a 
wide range o f d is s im i la r  s tru c tu re s *  Recent work a t  L iv erp o o l U n iv e rs ity  
has h e lp ed  to  c l a r i f y  th e  s i t u a t i o n ^ ^ ^ ^ " ^ .
2 .8 .2 .  Non fe r ro u s  m a ss iv e s .
The f i r s t  re fe re n c e  to  m assive s t r u c tu r e s  can be found i n  th e
work o f  P h i l l i p s i n  1930» on quenched Cu-Zn a l lo y s  which showed la rg e
i r r e g u la r  shaped a re a s  th a t  were n o t ap p aren t in  slow ly  coo led  sam ples.
(133) (13^)S im ila r  e f f e c t s  were o b serv ed  in  quenched Cu-Al , Cu-Ca and
A g - A l ^ '^  and, more r e c e n t ly ,  in  Cu-Ga end Cu-Ga-Ge by M a s s a l s k i ^  and
(1 ~zir7 ^Spencer and Mack . A ll th e  a u th o rs  found th a t  th e  m assive t r a n s ­
fo rm ation  p roduct re q u ire d  a  f a s t  r a t e  o f  c o o lin g .
M a s s a l s k i ^ '^  found th a t  fo r  a  h ig h  s u p e r s a tu ra t io n  o f  fi 
and a co o lin g  r a t e  h ig h  b u t n o t h ig h  enough f o r  a c ic u la r  m a r te n s i te  to  
form, P  decomposes to  a  m assive ^  p ro d u c t. The phase forms by th e
ra p id  growth o f an in c o h e ren t in t e r f a c e ,  s in c e  j>a.rent P  g ra in  bo u n d aries
6k.
do n o t p rov ide  b a r r i e r s  fo r  Ing row th : movement o f th e  boundary in v o lv e s
only  s h o r t range d if f u s io n  (S .R .D .) , s in c e  l a t t i c e  param eter measurements
showed no change in  bu lk  com position  a c ro ss  th e  i n te r f a c e .  M assalsk i
suggested  t h a t ,  a s  th e se  h igh  energy in c o h e ra n t bou n d aries  were d i f f i c u l t
to  n u c le a te  and th a t  s in c e  many o f th e  m assive g ra in s  had s t r a i g h t  edges,
n u c le a tio n  m ight be i n i t i a t e d  a t  a  sem icoheran t boundary. The case  fo r  
C©V\e*<.vvct,
p a r t i a l  w ith  th e  p a re n t s t r u c tu r e  would have been proved by t r a c e
a n a ly s is ,  bu t s in c e  no /£ was r e ta in e d  on quenching , t h i s  was n o t p o s s ib le .  
From th e  c o e x is te n c e  o f  m assive and a c ic u la r  m a r te n s i te ,  i t  would seem th a t  
the  S.R .D . tra n s fo rm a tio n  tem p era tu re  and Mg tem p era tu re  were c lo se
/ 1 *7Q \
to g e th e r ,  th u s  b o th  p ro d u c ts  might have grown from th e  same nu c leu s  , 
bu t th e  absence o f r e ta in e d  @> made c o n firm a tio n  im p o ss ib le . In  th e  l i g h t  
o f subsequent work, th e se  s t r u c tu r e s  found by M assalsk i cover th e  whole 
range o f morphology th a t  has been d e sc rib e d  by th e  term  ’’m assive” .
(139)H u ll and Garwood , working on Cu-Zn, showed th a t  th e  n u c leu s  
fo r  the  S.R .D . tra n s fo rm a tio n  may w e ll be o f  a  m a r te n s i t ic  ty p e , in d ic a t in g  
a t  l e a s t  a  p a r t i a l  coherance between th e  m assive and p a re n t £  • The
fo rm ation  o f  th e  m assive , be in g  c h a r a c t e r i s t i c  o f  n u c le a t io n  and growth in  
th a t  i t  cou ld  be su p p ressed  by a f a s t e r  r a t e  o f c o o lin g , was t e n ta t iv e l y  
exp la ined  by th e  th e rm a lly  a c t iv a te d  s h o r t  range d if f u s io n  o f  atoms a c ro ss  
an in c o h e ra n t i n t e r f a c e .
2*8*3* Ferrous Massives
(11*0)
Jones and Pumphrey , working on low F e-N i, Fe-Mn a l lo y s ,  found
th a t  th e  tra n s fo rm a tio n  tem p era tu re  v a r ie d  w ith  a l lo y  co n ten t and had
assumed th a t  th e  tra n s fo rm a tio n s  th ey  were s tu d y in g  were m a r te n s i t ic  s in c e
no e f f e c t s  on th e  tra n s fo rm a tio n  tem p era tu re  were produced by a l t e r in g  th e
quenching r a te  from 2-150°C/m in. Fo llow ing  th e  work o f  G ilb e r t  and
O w e n ^ ^ \  however, who i d e n t i f i e d  s t r u c tu r e s  in  quenched F e-N i, Fe-Cr and
F e-S i a l lo y s  a s  be in g  ty p ic a l ly  m assive , u s in g  c o o lin g  r a t e s  up to  5500°C /sec.
i t  seems th a t  th e  tra n s fo rm a tio n s  b e in g •s tu d ie d  .by Jones and Pumphrey were
indeed  m assive . F ig . 11 shows th e  s im i l a r i t y  o f  th e  tra n s fo rm a tio n
tem p era tu res  o b ta in ed  in  th e  two s e t s  o f r e s u l ts *  F u r th e r  work by 
( lA-2)W ilson has shown th a t  in  f a c t  t h i s  tra n s fo rm a tio n  can be su p p ressed
by f a s t e r  quenching and t h i s  le d  to  th e  two tra n s fo rm a tio n  p roducts" . * • 
be ing  c l a s s i f i e d  a s  m assive e q u iax e d ' a and m assive m a r te n s i te  r e s p e c t iv e ly .
A p a r t i c u l a r  p o in t o f  i n t e r e s t  in  th e  r e s u l t s  o f G ilb e r t  and Owen 
was th e  e f f e c t  o f quenching r a t e  on th e  tra n s fo rm a tio n  tem p era tu re  o f  pure  
iron*  M assive equiax«*:di a  s t r u c tu r e s  were produced when c o o lin g  r a t e s  o f  
up to  1000°C /sec, were used  b u t c o o lin g  a t  5500°C /sec, caused  th e  t r a n s ­
fo rm ation  to  o ccu r a t  a very much low er te m p e ra tu re , w ith  th e  p ro d u c tio n  o f 
su rfa c e  s h e a r .  From th e  r e s u l t s  o f  th e  b in a ry  i r o n  a l lo y s ,  e x tra p o la t io n  
to  zero  a llo y in g  elem ent o f th e  f r e e  energy -com position  l in e  gave a  f r e e  
energy change o f 12 ca l/m o le  fo r  pure  i r o n  and t h i s  was in  good agreem ent
w ith  th e  f r e e  energy change d e riv e d  from th e  tra n s fo rm a tio n  tem p era tu re  
produced by a quenching r a te  o f  1000°C /sec. However, th e  f re e  energy 
change c a lc u la te d  from th e  tra n s fo rm a tio n  tem p era tu re  producing  a  
m a r te n s i t ic  s t r u c tu r e  i s  290 cal/rno le  and compares fav o u rab ly  w ith  f r e e  
energy changes c a lc u la te d  from an Ms  tem p era tu re  d e riv ed  from th e  S teven and
(1^3) (lV+)
Haynes form ula and w ith  th a t  deduced by Zener on a  tra n s fo rm a tio n
s t r a i n  c r i te r io n *
There i s  th u s  a  sh a rp  d i s t i n c t io n  between a  tra n s fo rm a tio n  
im plying s h o r t  range d if f u s io n  and th a t  in v o lv in g  co h e ren t growth and th e  
r e s u l t s  o f Kaufman and Cohen^1* ^  ,on 25-30$> Fe-N i m a r te n s i te s  hav ing  a f re e  
energy change between 280-330 c a l/m o le , su p p o rt t h i s  h y p o th e s is .
F u r th e r  work on th e  k in e t i c s  o f tra n s fo rm a tio n s  i n  Fe-Ni a l lo y s  was 
made by Swanson and P a r r ^ ^ ^  u s in g  co o lin g  r a t e s  up to  60,000°C /m in. S in  
a l lo y s  o f up to  10% Ni c o n ta in in g  0 .009% 0 , two d i s t i n c t  p la te a u x  were 
o b ta in ed  in  th e  p lo t  o f  tra n s fo rm a tio n  tem p era tu re  a g a in s t  co o lin g  ra te *  
Using th e  c r i t e r i o n  o f su r fa c e  r e l i e f  to  d is t in g u is h  a  m a r te n s i t ic  
p ro d u c t, th ey  a sso c ia te d ..th e  jupper p la te a u  w ith  ,a m assive p roduct and the  
lower p la te a u  w ith  a m a r te n s i t ic  p ro d u c t. M icroscopic ev idence  o f th e  
d i s t in c t io n  between th e  two s t r u c tu r e s  ap pears  to  be one o f in fe re n c e  s in c e  
no c h a r a c te r i s t i c  m assive m ic ro s tru c tu re s  a re  shown and th e y  have no t 
r e la te d  th e  su rfa c e  r e l i e f  e f f e c t s  w ith  th e  u n d e rly in g  p o lish e d  and e tch ed  
s u r fa c e . T h e ir  r e s u l t s ,  however, confirm  th e  f a c t  th a t  a l lo y in g  reduces
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th e  tendency to  form m assive s t r u c tu r e s  and in  a  10$ Ni a l lo y , th e  t r a n s ­
fo rm ation  a t  a l l  co o lin g  r a t e s ,  appears  to  be m a rte n s i tic *  T his i s  in  
d i r e c t  c o n tr a s t  to  th e  r e s u l t s  o f G ilb e r t  and Owen, b u t th e  d if fe re n c e  
might be due to  a  s l i g h t l y  h ig h e r carbon con ten t*
( lk7)Yeo , working on iso th e rm a l m a r te n s i t ic  tra n s fo rm a tio n s  in
Fe-25$N i,found th a t  an in c re a s e  in  carbon c o n ten t o f 0*007$ in c re a s e d  th e  
amount o f  m a r te n s i te  formed in  a i r  co o lin g  to  an amount e q u iv a le n t to  t h a t  
formed during  w ater quenching . T his im p lie s  t h a t  in c re a s e d  
s t a b i l i s a t i o n  m ight su p p re ss  th e  s h o r t  range d if f u s io n  tra n s fo rm a tio n  and 
a llow  a  m a r te n s i t ic  tra n s fo rm a tio n  to  tak e  p la c e , in  s p i t e  o f  the  f a c t  t h a t  
carbon low ers th e  M-.s tem p era tu re  to  a  h ig h e r  e x te n t th an  any o th e r  elem ent*
The p ro d u c ts  formed w ith  v a rio u s  n ic k e l  c o n te n ts  have re c e n t ly  been 
c l a s s i f i e d  in  a  paper by Speich  and S w a n ^ ^ \  They found th a t  on 
quenching a 0 .0 2 0 ” th ic k  s t r i p  in to  ic e d  b r in e ,  th re e  b a s ic  s t r u c tu r e s  were 
produced on in c re a s in g  th e  a l lo y in g  con ten t*  The s t r u c tu r e  o b ta in e d  in  
a l lo y s  c o n ta in in g  up to  Ni showed ty p ic a l ly  i r r e g u la r  g ra in  b o u n d a rie s , 
s im i la r  to  th e  m assive equiaxed s t r u c tu r e  o b ta in e d  by G ilb e r t  and Owen, 
th e  b o u n d aries  o f  which were r e s t r i c t e d  by th e  p a re n t y  g r a i n s ^ .
In  a l lo y s  c o n ta in in g  6-25$ N i, a  t y p ic a l ly  b lo c k - l ik e  m assive s t r u c tu r e  
was o b ta in e d  £ c . f .  (136) and ( l^ f l ) J  showing no evidence o f  any in te r n a l  
m arkings p a r a l l e l  to  the  s t r a i g h t  edges o f th e  b lo c k s , w h ile  i n  a l lo y s  
g re a te r  th a n  23% N i, an a c ic u la r  m a r te n s i te  was found . No a c ic u la r
69.
martensite was produced in a 10% Ni alloy however (c«f0 Swanson .and Parr ^X
Surface relief effects were negative for the massive equiaxed 
ferrite but showed relief effects characteristic of bundles of laths in 
the case of the block-like massive. However, the direction of this 
surface relief could not be associated as being iDarallel to the straight 
edges of the massive blocks.
Although Speich and Swan drew a sharp distinction between each 
structure, it is probable that there is considerable overlap and that in 
fact mixed structures could easily be produced depending on the precise 
conditions of quenching rate, alloying content and local heterogeneity in 
interstitial content.
The r e la t io n s h ip  betw een su rfa c e  sh e a r  and u n d e rly in g  m ic ro s tru c tu re
( / 
was clarified by Yeo in further work on a 22 . Fe-Ni alloy
containing 0.008% carbon. The transformation produced a product
exhibiting surface shear and subsequent polishing and etching revealed a
typical massive structure of block-like ct in retained Y j although no
internal markings were found in the a grains. From the straight edges and
stepped ends of the grains it would appear that the bands ran along the
grain but direct evidence is still lacking.
As has already been shown for non-ferrous alloys, the nucleating site 
for a reaction involving short range diffusion is the grain boundary of 
the high temperature phase^'^'^. One would then suppose that different
70.
austenitising treatments would have an effect on the size and type of
m assive p roduct form ed. Owen and W ilson have shown th a t
a u s te n i t i s in g  between 700°C and 1200°C fo r  a 10% Fe-N i a l lo y  has no e f f e c t
on th e  tra n s fo rm a tio n  p roduct when coo led  a t  50°C/sec*-j m assive a  being
formed a t  ^>kO°C. I f  th e  c o o lin g  r a t e  i s  in c re a s e d  to  300°C /sec#}
specimens austenitised at temperatures above 100Q°C transform to a massive
■product showing s u r fa c e  r e l i e f  a t  a  tem p era tu re  o f  A50°C. The change in
tra n s fo rm a tio n  mechanism th e  a u th o rs  a t t r i b u t e  to  the  a u s te n i t i s in g
trea tm en t p roducing  la r g e r  y g ra in s  and th u s  r e s t r i c t i n g  th e  number of
n u c le a tio n  s i t e s  fo r  the  sh o r t  range d i f f u s io n  r e a c t io n .  However, i n  pure
(l*+6)i r o n ,  Swanson and P a rr  found no e f f e c t  o f change in  a u s te n i t i s in g
c o n d itio n s  on e i t h e r  th e  type o f tra n s fo rm a tio n  p roduct o r tra n s fo rm a tio n  
te m p e ra tu re •
( i  ^
In  f u r th e r  work on th e  iron-raanganese system , G cm ershall and P a rr  
c a r r ie d  out analogous tra n s fo rm a tio n  tem p era tu re  d e te rm in a tio n s  to  th o se
(1A6)re p o r te d  fo r  Fe-Ni and found b o th  m assive and m a r te n s i t ic  s t r u c tu r e s
in  Fe-Mn a l lo y s  c o n ta in in g  0 .009$C, 0.0003^N and 0 ,008^ Cool i ng r a te s  
up to  30»000°C /sec. were used  to  d ep ress  th e  tra n s fo rm a tio n  tem p era tu re  to  
a  minimum a lth o u g h  c o o lin g  a t  on ly  1 0 ,0 0 0 °C /sec . was s u f f i c i e n t  to  ach ieve  
t h i s  fo r  a  l$Mn a l lo y ,  w hile  h ig h e r  Mn c o n te n t a l lo y s  cou ld  be tran sfo rm ed  
a t  a  minimum te m p e ra tu re , w ith  much slow er c o o lin g  r a t e s .  A com parison 
of th e  minimum tra n s fo rm a tio n  tem p era tu re  o b ta in e d  w ith  a  co o lin g  r a t e  of
7U
45 0 °c /sec . w ith  r e s u l t s  o f T roiano and M c G u i r e a n d  Jones and
(l4 0 )Pumphrey i s  shown in  F ig . 12. The v e ry  good agreem ent o f  a l l  th re e
s e ts  o f r e s u l t s  confirm s th e  p rev io u s  o b se rv a tio n  t h a t  th e  m a r te n s i t ic  
tran sfo rm a tio n  fo llow ed  by Jones and Pumphrey, was in  f a c t  m assive .
In  th e  case  o f  th e  low Mh a l lo y s ,  co o lin g  a t  450°C /sec . d id  n o t 
produce th e  minimum tra n s fo rm a tio n  tem p era tu re  and in  f a c t  th e  minimum 
tran sfo rm a tio n  tem p era tu re  o f  an a l lo y  c o n ta in in g  1$ manganese 
was 150°C low er th an  th a t  in d ic a te d  in  F ig u re  12 . This i s  s im i la r  to  th e  
corresponding  work on i ro n  n ic k e l .
An in fe re n c e  from  th e se  r e s u l t s  i s  t h a t  pure i ro n  should  be capab le
of tran sfo rm in g  to  a m assive s t r u c tu r e  i f  i t  i s  coo led  q u ic k ly  enough and
experim ental d a ta  shows t h i s  to  be t r u e ,  E n t w h i s t l e ^ * ^  o b ta in ed  s u rfa c e
(149)shear e f f e c t s  v e ry  s im i la r  to  th o se  o f  Yeo on quenching th in  f o i l s  o f
iro n  c o n ta in in g  0 .007 i n t e r s t i t i a l  im p u rity  and deduced a {m L  h a b i t ,
(153)S im ilar s u r fa c e  r e l i e f  was found by Wayman and A l t s t e t t e r  in  i ro n
co n ta in in g  l e s s  th an  0 ,0011$ carbon and n i t ro g e n  b u t u n fo r tu n a te ly  no 
underly ing  m ic ro s tru c tu re  was examined.
(154)F u r th e r  work on pu re  i ro n  c a r r ie d  o u t by Bibby and P a r r  , u s in g  
th e ir  w e l l- e s ta b l is h e d  h ig h  speed  tra n s fo rm a tio n  te c h n iq u e , has c o n ce n tra te d  
on the  e f f e c t  o f  t r a c e s  o f carbon on th e  type and tem p era tu re  o f t r a n s ­
form ation , C ooling r a t e s  up to  5 ,0 0 0 °C /sec . low ered th e  y -d L tra n s ­
form ation tem p era tu re  to  a c o n s ta n t v a lu e  o f  745°C, p roducing  a
c h a r a c te r i s t i c  m assive s t r u c tu r e  w ithou t any s u r fa c e  r e l i e f .  F u r th e r  
in c re a s e  in  co o lin g  r a t e  produced no low ering  in  tra n s fo rm a tio n  
tem p e ra tu re , u n t i l  a co o lin g  r a t e  o f 33}000°C /sec. was reach ed , when a  
drop in  tra n s fo rm a tio n  tem pera tu re  to  693°C was produced, which rem ained 
c o n s ta n t on f u r th e r  in c re a s e  in  c o o lin g  r a t e  up to  3 5 J000°C /sec . T his 
693°C tra n s fo rm a tio n  e x h ib ite d  s u rfa c e  r e l i e f  and was d e sc rib e d  as  
m a r te n s i t ic  a lth o u g h  no com parison w ith  th e  u n d e rly in g  m ic ro s tru c tu re  was 
made. These r e s u l t s  to g e th e r  w ith  th o se  o f G ilb e r t  and O w en ^ * ^  and 
D u w ez^ ^ ^  a re  shown in  F ig . 13.
The d is c o n t in u i ty  in  th e  r e s u l t s  o f  G ilb e r t  and Owen between t r a n s ­
fo rm ations a t  750°C and ^k3°0 has been a s s o c ia te d  w ith  th e  t r a n s i t i o n  
between p ro d u c ts  w ith  and w ithou t su r fa c e  sh e a r  and o ccu rs  w ith  co o lin g  
r a te s  o f  3 j0 0 0 °C /sec . Bihby and P a r r ,  however, co u ld  n o t p b ta in ’a  low er 
tra n s fo rm a tio n  tem p era tu re  th an  695°C a lth o u g h  some sam ples which were 
a s s o c ia te d  w ith  a h ig h e r  carbon c o n te n t tran sfo rm ed  a t  about 3 ^ ° C .  They 
checked t h i s  by showing th a t  i f  sam ples o r ig i n a l ly  tra n sfo rm in g  a t  695°C 
were c a r b u r is e d ,th e  tra n s fo rm a tio n  tem p era tu re  was low ered m arkedly , w hile  
experim ents on a  h ig h e r  p u r i ty  iro n  showed th a t  w ith  co o lin g  r a t e s  up to
5 2 ,0 0 0 °C /sec . no tra n s fo rm a tio n  tem p era tu re  low er th a n  745°C cou ld  be
( l 4 l )ach iev ed . Thus th e  au th o rs  s t a t e  th e  i ro n  u sed  by, Gilbert-••and Owen • 
must" h a v e v b o n ta in e d -s ig n if ic a n tly  more carbon  th an  q u o ted .
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C le a r ly , th e n , th e  i n t e r s t i t i a l  c o n te n t i s  v e ry  im p o rtan t indeed  in  
c o n tro l l in g  th e  type o f  tra n s fo rm a tio n  p ro d u c t. On th e  one hand, -with 
low i n t e r s t i t i a l  c o n te n ts  and m odera te ly  slow  quenching r a t e s ,  a  s t r u c tu r e  
o f m assive equiaxed f e r r i t e  i s  produced* I f  th e  quenching r a t e ,  a l lo y in g  
co n ten t o r  i n t e r s t i t i a l  c o n te n t i s  in c re a se d  a m assive b lo c k - l ik e  p ro d u c t 
i s  form ed. Very f a s t  quenching r a t e s ,  to g e th e r  w ith  h ig h e r  a l lo y in g  and 
i n t e r s t i t i a l  c o n te n ts ,  produce a su rfa c e  sh eared  p ro d u c t. T his su rfa c e  
shear has been shown to  o ccu r in  a  p ro d u c t w ith  an u n d e rly in g  m assive 
s t ru c tu re  and on some p o lish e d  and e tch ed  sam ples p a r a l l e l  m arkings ru n n in g  
along th e  le n g th  o f  th e  b lo ck  have been observedv U n fo rtu n a te ly , no 
d i s t i n c t  r e la t io n s h ip  between th e  d i r e c t io n  o f th e  s u rfa c e  sh e a r  l in e s  and 
the long  d i r e c t io n  o f th e  m assive b lo ck s  has been fou n d . Confusion has 
o ften  a r i s e n  when s u rfa c e  sh e a r  has been used  as th e  s o le  c r i t e r i o n  f o r  a 
m a r te n s i t ic  tra n s fo rm a tio n  when no re fe re n c e  has been made to  u n d e rly in g  
m ic ro s tru e tu re ,
The mechanism o f  tra n s fo rm a tio n  to  & f e r r i t e  can be
explained  in  term s o f  th e  movement o f  an in c o h e re n t h ig h  energy  boundary 
in v o lv in g  s h o r t  range d i f f u s io n ,  A d e f i n i t e  m a r te n s i t ic  h a b i t  r e l a t i o n ­
ship has been shown to  e x i s t  f o r  th e  m assive b lo ck s  and i n i t i a l  fo rm atio n  
has been a t t r i b u t e d  to  n u c le a tio n  a t  a  c o h e ren t boundary fo llow ed  by a 
sh o rt range d i f f u s io n  mechanism o f  grow th.
3* EXPERIMENTAL PROCEDURE
3 .1 .  •MATERIAL -  '
The m a te r ia l  chosen fo r  th e  in v e s t ig a t io n  was B .I .S .R .A . h ig h  
p u r i ty  i r o n ,  grade AHN, a v a i la b le  in  th e  form o f  ro d . - A b a tch  
a n a ly s is ,  to g e th e r  w ith  p a r t i c u l a r  a n a ly s is  f o r  th e  i n t e r s t i t i a l  c o n te n t ,  i s  
shown in  Table 2 .
TABLE 2 . 
M a te r ia l A n a ly sis
. °* H* N*
C P S i Mn Cr S
Batch a n a ly s is  
-  wt.% .005 - .001 .018 <; .002 .002 .001 .0035 .0002
Gas fu s io n  
a n a ly s is  w t.$ .010/18 .0003/5 .002 y
The -gr” rod  was drawn down w ith  a p p ro p r ia te  in te r s ta g e  a n n e a ls , to  
produce a  c o i l  o f  0 .0 3 0 ” d iam eter w ire , hav ing  95$ c o ld  re d u c tio n . T his 
co ld  drawn w ire  was th en  microswaged to  produce* s t r a ig h t  le n g th s  o f  w ire 
1A” long and 0 .0 2 8 /2 9 ” in  d iam e te r .
3.2. SpCctw\Cw
The specim en p re p a ra t io n  u n i t ,  designed  bo th  to  p u r ify  and n i t r i d e ,  
i s  shown in  F ig u re s  and 13, &nd c o n s is ts  e s s e n t i a l ly  o f  a  v e r t i c a l
n  1 1
10
" <3
1 H.RQ. tu b e
2 Specimen jig clip
3  A sb esto s framework
4  Alumina dust
5 Nichrome windings
6 Alumina tube
7  Capillory
8  Expansion chamber
9 N eedle valves
10 Flowmeters
11 G la ss stop cock s
12 D e o x o  unit
13 D rechsel b ottles
14 Oil b ath s
15 M olecular siev e
16 F| O s tray
17 Quenching tank
r
Fig 14. Specimen preparation unit
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FIG. IS FURNACE AND GAS PURIFICATION SYSTEM
r e a c t io n  chamber and system s b o th  fo r  d ry in g  and fo r  th e  in je c t i o n  o f  sm all 
amounts o f  w ater vapour in to  a c c u ra te ly  c o n tro l le d  gas m ix tu re s .
3*2,1* Furnace desig n  -
In  view o f th e  le n g th  o f th e  w ires  and th e  danger o f sagging
a s s o c ia te d  w ith  su p p o rtin g  them h o r iz o n ta l ly ,  a Nichrome wound v e r t i c a l  
fu rnace  was u sed , employing a main 2ku w inding o f  18 S.W.G. a t  10 tu rn s / in c h  
and a 3 ” bottom  independent w inding o f  2k S.W.G. a t  Ik  tu r n s / in c h .  The 
main w inding was c o n tro l le d  by a s ta n d a rd  v a r ia c - T r a n s i t r o l  c o n t r o l le r  
c i r c u i t  and by means o f s u i ta b le  bottom  c o i l  tem p era tu res , an 11tf c o n tro l le d  
tem p era tu re  zone was o b ta in e d  some 7^u from th e  to p  o f th e  fu rn ace  tu b e .
Tem perature measurement was by a P t/P t.13 /S  Rh therm ocouple p laced
between th e  alum ina tube and q u a rtz  tu b e , F ig u re  w ith  th e  h o t ju n c tio n  
o p p o site  th e  mid p o in t o f th e  c o n tro l le d  zone and connected  to  the  
T r a n s i t r o l .  A second lo n g e r therm ocouple was used  f o r  tem p era tu re  m easure­
ment o f  th e  bottom  w inding, w hile  assessm ent o f th e  g ra d ie n t  in s id e  th e  
r e a c t io n  tube  under s im u la ted  p u r i f i c a t io n  o r n i t r i d in g  c o n d itio n s  was 
o b ta in ed  by an independent P t/P t-13%  Rh therm ocouple . The r e la t io n s h ip  
between r e a c t io n  tube tem p era tu re  and th e  tem pe-rature g ra d ie n t a t  
p a r t i c u la r  tem p e ra tu res  i s  g iven  in  F ig u re  16.
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FIG 16 TEMPERATURE DISTRIBUTION DIAGRAM
3*2*2* Atmosphere C o n tro 1 -P u r if ic a tio n
The flow  diagram  fo r  th e  wet hydrogen tre a tm e n t i s  shown in
F igu re  \ k .  A s te a d y  flow  o f sm all amounts o f  hydrogen was o b ta in ed  by
means o f a  p iece  o f  c a p i l l a r y  tu b in g  and an expansion  chamber, w hile  f in e
c o n tro l  o f th e  gas flow  was ach iev ed , u s in g  I . C . I . ' need le  v a lv e s . For a
n o n -o x id is in g  d e c a rb u r is in g  a tm osphere , a t  a  r e a c t io n  tem p era tu re  o f  730°C»
(156)a hydrogen /w ater r a t i o  o f 5 /1 was n ecessa ry  . and t h i s  was o b ta in e d  by 
p ass in g  th e  a p p ro p r ia te  m ix ture  th ro u g h  D reschel b o t t l e s  in  c o n tro lle d
tem p era tu re  o i l  b a th s  a t  35°C and 25°G re s p e c t iv e ly .  The w ater a t  33°C 
ensured  s a tu r a t io n  which was c o n tro l le d  by th e  b o t t l e  a t  25°C: a  f u r th e r
v is u a l  check was made by o b serv ing  s l i g h t  co n d en sa tio n  in  a  g la s s  tube  
between th e  s a tu r a t io n  u n i t  and th e  fu rn a c e .
Specimens to  be p u r i f i e d  were c lean ed  w ith  f in e  emery p ap e r , 
degreased  and th en  suspended in  b a tch e s  o f e ig h t in  a  s t a i n l e s s  s t e e l  j i g .  
This j i g  was suspended from th e  to p  bung o f th e  r e a c t io n  tube  by a  p la tinum  
w ire which was clamped in to  a  p ie c e  o f  ru b b e r tu b in g , F ig u re  15* A f te r  th e  
re a c t io n  tu b e  had been purged  w ith  n i t ro g e n , th e  j i g  was low ered in to  th e  
c o n tro l le d  tem p era tu re  zone o f th e  fu rn ace  and th e  wet hydrogen c o n d itio n s  
s e t  up. I t  was found th a t  a 1\  hour tre a tm e n t would reduce th e  carbon 
peak to  zero  a lth o u g h  a  sm all n itro g e n  hump rem ained. A com parison between 
the i n t e r n a l  f r i c t i o n  cu rves o f  an an n ea led  ,a s - re c e iv e d  w ire  and a  p u r i f i e d  
wire i s  shown in  F ig u re  17.
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FIG 17. COMPARISON OF AS-RECEIVED AND PURIFIED IRON
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FIG 18. VARIATION IN PEAK HEIGHT AFTER AMMONIA 
NITRIDING
The 1-J hour wet hydrogen purification treatment was thus 
standardised as the pre-treatment for nitriding. In the case of the 
production of wires for pure iron investigations, a 22 hour treatment, 
followed by a final A hours in pure dry hydrogen, dew point ~33°C, to remove 
any residual nitrogen, was used. Wires purified in this way showed no 
Snoek peak and a typical analysis is shown in Table 3*
TABLE 3 
Analysis of purified wires
N* ° * C
.0002A .015/19 .0003/5 Not detectable
3.2.3* AtmoBphere control-nitriding
Initially nitriding was carried out in a cracked ammonia 
atmosphere at 580°C by a technique similar to that used by Paranjpe et al 
Hydrogen containing 2-5% ammonia was dried, using a molecular sieve -
(157)
P^ O,- combination to dew points between -30°C and -38°C and then passed into 
the reaction tube at a controlled temperature of 5S0°C. Nitriding times 
up to 2-J hours were used, together with various flow rates and degrees of 
back pressure, but it was found impossible to obtain any degree of 
uniformity of nitrogen content in specimens of this length. This is shown 
in Table k , where results of gas fusion analysis (G.F.) are compared with
chem ical a n a ly s is  r e s u l t s  (C ), u s in g  an indophenol p ho tom etric  method.
The chem ical r e s u l t s  in v a r ia b ly  showed h ig h e r  n itro g e n  le v e l s  th an  gas 
fu s io n  a n a ly s e s , and th e re  was a  g e n e ra l t re n d  tow ards h ig h e r  n i tro g e n  
co n ten ts  a t  th e  bottom  end o f th e  w ire . The la c k  o f u n ifo rm ity  was f u r th e r  
shown by th e  v a r ia t io n  in  n itro g e n  peak h e ig h t o f specim ens tak en  from th e  
same b a tc h , F ig u re  18.
TABLE 4
V a ria tio n  o f  ^  c o n te n t a f t e r  ammonia n i t r i d in g
1
N itr id in g  tre a tm e n t A n a ly sis
V a r ia tio n  
a lo n g  w ire
o f Ng con«wentj
' (p .p .m ) <3^ c o n ten t (p .p .m )
20 min. -  2% NH_ 
5
G .F. 15 15 19 16 56-58
G .F. 29 22 2k 50 74-119
45 min. -  2% NH5 C 150 W <40 <40 -
1 h r .  -  2% NH
5 G.F. 55 55 40 45
50-80
G.F. 87 102 85 80 106-164
l i  h r s . -  2% NH
5 C l4o 120 90 110
G.F. 97 187 104 62 120-200
2 h r s .  - 2 #  NH_ 
5 C 150 150 75 52
-
C 250 160 80 <40 -
G.F. 560 147 222 215 140-212
2 h r s .  -  k% NH_j C 700 170 150 <40 -
c ;,itoo 260 490 250
z^°‘9on
On the  b a s is  o f  th e se  r e s u l t s ,  f u r th e r  n i t r i d in g  was c a r r ie d  out
by h o ld in g  in  th e  y re g io n  in  a  stream  o f  p u r i f i e d  dry n i tro g e n , dew p o in t
c o n ta in in g  3% hydrogen From F ig u re  19, an  e q u ilib riu m  c o n c e n tra tio n
of approx im ate ly  0 . 023/026 wt.% n itro g e n  would be expected  and experim ents
showed th a t  a  n i t r i d in g  tim e o f  l 8 hours a t  950°C produced an homogenous
n itro g e n  le v e l  o f  230 p .p .m . Homogeneity was checked by a n a ly s is ,  Table 5»
-if
and confirm ed by th e  r e p r o d u c ib i l i ty  to  w ith in  k% ( o (max) -X 375 x  10 ) o f 
the n itro g e n  peak o f  specim ens quenched from th e  same b a tc h . T his l 8 hour 
n i t r id in g  tech n iq u e  was then  adopted  as  th e  s ta n d a rd  p rocedure  fo r  f u r th e r  
n i t r id in g ;
TABLE 3
Homogeneity o f y re g io n  n i t r id in g
...
.Section a long  w ire
I Ng co n ten t (p .p .m .) 230 2^0 26° 250
Quenching tech n iq u e
Subsequent to  th e  p u r i f i c a t io n  (730°C) o r  n i t r i d i n g  (950°C) 
p ro ced u res , th e  b a tch  o f specim ens was quenched d i r e c t l y  from th e  re a c t io n  
tem peratu re  by r e le a s in g  th e  c l i p  on th e  ru b b er tu b in g  c o n ta in in g  th e  
p latinum  su p p o rtin g  w ire and a llo w in g  th e  specim en j i g  to  f a l l  d i r e c t l y  in to  
the  quenching c y lin d e r t p o s it io n e d  ju s t  underneath  th e  bottom  bung o f  th e
86 a
re a c t io n  tu b e . O x ida tion  was m inim ised by b u ild in g  up a p re s su re  in s id e  
the r e a c t io n  tube  and th en  r e le a s in g  th e  c l i p  and bottom  bung s im u lta n eo u s ly ,
3 ,3 . CLASSIFICATION OF HEAT TREATMENT PRODUCTS
U sing th e  te ch n iq u es  o u tl in e d  above, two m a te r ia ls  were produced, 
namely, pu re  iro n , w a ter quenched from 730°C, and n i t r id e d  i r o n ,  w ater 
quenched from 950°C, In  o rd e r  to  e v a lu a te  th e  e f f e c t  o f  th e  y -  a  t r a n s ­
form ation  on pure  i ro n  and to  compare th e  ag e in g  e f f e c t s  o f a  y quenched 
iro n  w ith  th o se  o f e a r l i e r  w orkers, u s in g  a  i r o n ,  two f u r th e r  h e a t  tre a tm e n ts  
were developed* One c o n s is te d  o f h e a tin g  a pu re  i ro n  from th e  p u r i f i c a t io n  
tem perature  o f 730°C up to  950°C and h o ld in g  f o r  1 hour in  pure  hydrogen o r 
argon, and th en  w a ter quench ing , and th e  o th e r ,  o f ta k in g  a quenched 
n i t r id e d  i ro n  and tem pering  i t  a t  550°C f o r  10 m inutes in  pure  n itro g e n  and 
w ater quenching . The l a t t e r  tre a tm e n t b e in g  designed  to  produce an a  i ro n  
w ith n itro g e n  d e ta in e d  in  s o l id  s o lu t io n .
The s t a r t i n g  m a te r ia l  f o r  th e  in v e s t ig a t io n  th u s  c o n s is te d  o f 
four ty p e s : -
Pure Iro n  -  (a) W.Q. 730°C ( b ) W.Q. 950°C
Fe -  0.025H , -  (C) W.Q. 950°C (d) W.Q. 950°C -  Tempered
■ 550 C, W.Q.
3 .A, AGEING
A d i f f i c u l t y  th a t  was encoun tered  in  the  ageing  o f  n i t r id e d  w ires  
w as.the  d i s to r t io n  th a t  th e  y  -  a  tra n s fo rm a tio n  produced, r e s u l t in g  in  
se v e re ly  buck led  w ire s . S ince a  prim e r e q u i s i t e  fo r  i n te r n a l  f r i c t i o n  
measurements i s  a  s t r a i g h t  specim en, the  w ires  had to  be s t r a ig h te n e d  by 
hand and any e f f e c t s  o f  t h i s  would on ly  have been apparen t in  the  quench 
ageing  r e s u l t s  o f w ires  o f type  C, s in c e  th e  f u r th e r  tem pering  tre a tm e n t 
would have removed any lo c a l i s e d  d i s to r t i o n  produced by th e  h an d lin g  tre a tm e n t.
No d i f f i c u l t y  was exp erien ced  in  th e  case  o f s t r a i n  ageing  
experim ents s in c e  th e  p r e - s t r a in  o f 2^ f/c produced id e a l  i n t e r n a l  f r i c t i o n  
specim ens. P r e - s t r a in in g  was c a r r ie d  ou t in  th e  i n t e r n a l  f r i c t i o n  a p p a ra tu s
—A _ 'j
u sing  a s t r a i n  r a te  o f  A x 10 s e c . and in d iv id u a l  s p e c im e n s ,a f te r  they  
had been s t r a in e d ,  were s to re d  in  l iq u id  n i t ro g e n . A f te r  s t r a in in g  th e  
com plete b a tc h , th e  e ig h t specim ens were then  p laced  in  th e  a p p ro p r ia te  
ageing  b a th .
The tim es tak en  to  s t r a ig h te n  th e  specim en o r to  remove i t  from the  
s t r a in in g  u n i t  were o f th e  o rd e r  o f  2-3  m inutes and experim en ts showed th a t  
n e g lig ib le  ageing  o ccu rred  in  t h i s  tim e .
A ll  ageing ' was c a r r ie d  out in  th e rm o s ta t ic a l ly  c o n tro l le d  o i l  
b a th s  a t  e i t h e r  30°C, 63°C o r 100°C. These b a th s  were c o n tr o l la b le  to  
w ith in  + 0 .3 ° 0 , u s in g  Tempunit combined h e a t e r - s t i r r e r  c o n tro l  u n i t s .
After any particular ageing time, specimens were stored in liquid nitrogen 
prior to testing.
3.5* INTERNAL FRICTION APPARATUS 
3 .5 .1 .  T o rsio n  pendulum
The system  used  in  t h i s  work was th a t  o f  th e  to r s io n  pendulum 
which was f i r s t  d e sc rib e d  in  d e t a i l  by D e ta i ls  o f  th e  pendulum
are  shown i n  F ig u re s  20 and 23-.
The 10n long w ire  specim en, which i s  p a r t  o f a  f r e e ly  suspended 
pendulum, was connected  a t  i t s  upper end by means o f a  s p l i t  g r ip  to  a  m ild 
s t e e l  rod  which in  tu rn  was clamped to  th e  s t e e l  su p p o rtin g  fram e. The 
lower end o f th e  specim en was connected  by a  s im i la r  s p l i t  g r ip  to  an 
ex ten s io n  ro d  which was clamped in to  a  h o r iz o n ta l  i n e r t i a  b a r  by grub screw s. 
The t o t a l  w eight o f  th e  ex ten s io n  and i n e r t i a  b a r  was 137 gm s.,w hich 
produced a t e n s i l e  s t r e s s  on th e  specim en o f le s s  th a n  3% th e  y ie ld  
s t r e s s .
T o rs io n a l v ib ra t io n s  were im parted  to  th e  specim en assem bly by 
p u ls in g  c u rre n t th rough  two e le c t r o  magnets which were p la ce d  sym m etrica lly  
op p o site  s o f t  i ro n  n u ts  on th e  i n e r t i a  b a r .  A damper, c o n s is t in g  o f  a  
tap e red  p in  d ipp ing  in to  vacuum o il ,w a s  used  to  remove sm all t ra n s v e rs e  
o s c i l l a t i o n s  in h e re n t  a f t e r  mounting and s t r a in in g .  T his damper had no
.e f fe c t  on i n t e r n a l  f r i c t i o n  as  shown in  Table 6 .
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FIG 2 0  HEAT EXCHANGER AND TORSION PENDULUM
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FIG 21 IN T E R N A L  FRICTIO N  APPARATUS AND PHOTODYNE
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FIG 2 3  THE INTERNAL 
FRICTION APPARATUS
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TABLE 6 .
The e f f e c t  o f damper im m ersion on decrement
Depth o f  immersion Out J u s t  in 1/ 8” : i /A ” 3 /8 ”
Decrement -  5  x 10^ 2 l i 22 22 22 22
The whole o f  the  to r s io n  pendulum r i g  was en c lo sed  in s id e  a  g la s s  
b e l l  j a r ,  w ith  a  ground g la s s  a re a  to  reduce  th e  r e f r a c t io n  o f th e  l i g h t  
beam,which was s e a le d  a g a in s t  the  base  p la te  by a  g rea sed  ru b b e r ring*
A ll therm ocouple and e l e c t r i c a l  co nnec tions were by vacuum s e a l  th rough  th e  
base  p l a t e ,
3*5*2* S tr a in in g  u n i t
S ince the  recovery  a f t e r  s t r a i n  i s  v e ry  rap id (l3» lA > 32)^  wag 
e s s e n t i a l  to  in c o rp o ra te  th e  s t r a in in g  mechanism in  th e  in t e r n a l  f r i c t i o n  
r i g .  The w ire was s t r a in e d  by draw ing down th e  s t r a in in g  s t i r r u p ,
F ig u re  23* be means o f  a th read ed  s h a f t ,  u n t i l  a  n o n - in te r f e r in g  ta p e re d  
h o le  in  .’he to p  p la te  o f  th e  s t i r r u p  engaged w ith  a  fem ale ta p e r  on th e  
c e n t r a l  boss o f th e  i n e r t i a  b a r .  The a p p ro p r ia te  s t r a i n  was th en  produced 
by s t r a in in g  fo r  a  s p e c i f ic  tim e , a llow ance being  made fo r  th e  e l a s t i c  
e x te n s io n , and th e n  un loaded  by re v e rs in g  th e  s t r a in in g  m otor. Vacuum 
was m ain ta in ed  th roughou t the  s t r a in in g  sequence by means o f  a  g reased  
W ilson s e a l  around th e  v e r t i c a l  s h a f t  and by s u i ta b ly  a lig n in g  a l l  th e
com ponents, v i r t u a l ly  a l l  l a t e r a l  movement o f  th e  pendulum a f t e r  s t r a in in g  
was avo ided . Damping measurements were tak en  as  soon as th e  ta p e r s  had 
d isengaged , which was o f th e  o rd e r  o f  one m inute a f t e r  th e  f in i s h  o f  
s t r a in in g .
The s t r a in in g  motor used in  the  experim ents was a 6 r .p .m . 
c a p a c ito r  in d u c tio n  c o n sta n t speed m otor, which drew down th e  th read ed  
v e r t i c a l  s h a f t  th rough  two d riv en  g e a r s .  V e r t ic a l  movement o f th e  s h a f t ,  
i . e .  s t r a i n ,  was th u s  r e l a t e d  to  th e  p i tc h  o f th e  th re a d  on th e  s h a f t  and 
th e  in te rm e d ia te  g e a r r a t i o ,  and f o r  a l l  p r e - s t r a in in g  and reco v ery  
measurements th e  s t r a i n  r a t e  was a d ju s te d  to  A- x  10 s e c .  .
3*5«3* Vacuum .system
Since the  damping o f  pure i r o n  i s  q u i te  low , any e x te rn a l  
damping which i s  s ig n i f i c a n t  must be excluded and th e  n e c e s s i ty  o f  working 
under vacuum i s  shown by the  e f f e c t  o f  p re s su re  on decrem ent g iv en  in  
Table 7-
TABLE 7
The e f f e c t  o f  p re s su re  on decrement
P re s su re  T o rr . Atm ospheric 95 82 16 0 .2
rDecrement 6  x 10 3^ 23 22 20 . A 19.2
The b e l l  j a r  was ev acu a ted , u s in g  an 0 .D .P .4  Genevac d i f f u s io n  
pump backed up by a G.R.D. A r o ta r y  pump. a working vacuum o f  2 x 10 mm.
was ach ieved  re g u la r ly  w ith in  15-18 m inutes o f  th e  specim en be ing  mounted 
a n d , 'a s  w i l l  be shown l a t e r ,  th e  ageing th a t  o ccu rred  in  t h i s  tim e was 
n e g l ig ib le  ^
3*5A* H ea tin g ‘system
The range o f tem p e ra tu res  re q u ire d  to  be covered  du rin g  th e  course  
o f th e se  experim ents was sm all and a  h e a tin g  system , u sin g  o i l  c i r c u la t io n  
th rough a copper h e a t exchanger, was u sed . D e ta i ls  o f  th e  h e a t exchanger 
and o i l  c i r c u la t io n  system  a re  shown in  F ig u re  22.
The o i l  c i r c u la t io n  system  c o n s is te d  o f  th re e  z in c  sprayed*m ild  
s t e e l  tan k s  c o n ta in in g  Mobil L ig h t A rc tic  O i l ,  one be ing  r e f r i g e r a te d  by an 
a lco h o l and s o l id  CO  ^ m ix ture  and th e  o th e r  two be in g  in s u la te d  by 
V erm icu lite  and h e a te d  by 1 Kwatt im m ersion h e a te r s .  C onnections were by 
3 A "  copper tu b e  and 15" le n g th s -o f  ru b b er vacuum hosing  were used  to  connect 
the  system  to  th e  h e a t exchanger in s id e  th e  b e l l  j a r .  T h is m inim ised any 
v ib ra t io n  b e in g  t r a n s f e r r e d  from th e  c i r c u la t in g  pump.* to  th e  in t e r n a l  
f r i c t i o n  u n i t .  Using a com bination  o f h o t and co ld  o i l s  th e  fo llo w in g  
co n d itio n s  were ach ieved
a) H eating from 5°C to  50°C a t  l-®C/min. to  cover most o f  th e  
n itro g e n  Snoek peak .
b) Holding at various constant temperatures between 19°C and
55 °C to follow the recovery of transient damping.
Temperature measurement was by means of a Nickel/Uhrome Constanton 
stainless steel sheathed thermocouple, positioned as near the centre of the 
wire as possible, coupled to an optical edge-wise temperature indicator. 
Measurement of the temperature gradient was carried out, using two thermo­
couples, suitably centralised inside the heat exchanger, to simulate the 
top and bottom positions of the wire specimen. From a comparison of these
readings with those of the edge-wise recorder, a calibration graph was
derived relating indicated temperature to wire temperature. Under heating 
conditions the gradient at no time exceeded + 1°C along the wire,while 
under isothermal recovery conditions the gradient was better than + 3/^°C. 
In the absence of vacuum, however, a temperature gradient of up to 15°C due 
to funnelling effects, would have been obtained under isothermal conditions 
at 55°C.
3#5*5• Measurement of damping
The amplitude of vibration of the specimen was measured using an 
optical lci'er and an automatic photoelectric follower, A slit image was 
projected onto the concave mirror attached to the inertia bar and then, by 
means of a suitable mirror system, onto the cell of a Photodyne recorder, 
Figure £T, The path length of the light beam was designed so that the 
maximum amplitude recorded on the Photodyne was produced by a strain at the
su rfa c e  o f th e  w ire  o f  7.2 x
Damping m easurements were o b ta in e d 'b y  e x c it in g  th e  specim en to  
g ive  a  t r a c e  o f  16 cms. on th e  Photodyne and th en  a llo w in g  i t  to  decay 
f r e e ly .  The decay was reco rd ed  a u to m a tic a lly  and th e  damping c a lc u la te d  
from a knowledge o f  the number o f  c y c le s  (n ) to  reduce  th e  am plitude  from 
th e  i n i t i a l  va lue  A^ to  any conven ien t v a lu e  ^ +n* The damping be in g  
g iven  by th e  eq u a tio n
S  -  S lo «  - 3 51+n
Decrement v a lu e s  measured in  t h i s  way were s u b je c t to  an e r r o r  of
+3%.
3*5»6# Amplitude dependence
Amplitude dependence o f  th e  background damping o f  pu re  i r o n  was 
t e s t e d  fo r  an am plitude  range o f  1 .8  ■ 7 .2  x ID , and i s  shown in  F ig u re  
2A-A* A m plitude independence was observed  and th e  r e s u l t  was compared w ith  
th e  damping o f an 80% aged Fe -  0.025^N^ a llo y ,w h e re  d is lo c a t io n  damping 
and Snoek r e la x a t io n  were combined and ag a in  am plitude  independence was 
o b ta in e d , F ig u re  2kB.
3.6* TENSILE TESTING
3*6.1* M ounting-and t e s t i n g  p rocedu re
A ll t e n s i l e  t e s t i n g  was c a r r ie d  ou t on a  H oundsfie ld  E type  t e s t in g
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FIG- 25 TENSILE SPECIMEN JIG
machine u s in g  an X-Y re c o rd e r ,  The machine had an ex trem ely  hard
-3  -1c h a r a c t e r i s t i c  and a s t r a i n  r a t e  o f 2 x 10 s e c . .
F or th e  p a r a l l e l  quench ag ein g  and s t r a i n  ag ein g  ex perim en ts, 
in t e r n a l  f r i c t i o n  specim ens, a f t e r  b e in g  te s t e d  f o r  th e  Snoek peak h e ig h t ,  
were c u t in to  th re e  s e c t io n s  f o r  t e n s i l e  te s t in g *  S ince  ag e in g  i s  ve ry  
slow a t  room tem p era tu re  and th e  f a c t  t h a t  i n t e r n a l  f r i c t i o n  specim ens were 
on ly  h e a te d  a s h o r t  degree  beyond th e  n i t ro g e n  peak a t  23°C, i t  was assumed 
th a t  n e g l ig ib le  ageing  o ccu rred  d u rin g  th e  tim e la p se  betw een in te r n a l  
f r i c t i o n  t e s t i n g  and t e n s i l e  t e s t i n g .
Wire s e c tio n s  were mounted, u s in g  a j i g  w ith  a 5 cm. gauge le n g th  
(F ig u re  2 5 ), The w ire  g r ip s ,  u s in g  a th re e  p o in t  method o f c o n ta c t ,  were 
clamped to g e th e r  by a p la te  screwed in to  t h e i r  s id e s  and th e  j i g  h o ld e r .
A fte r  m ounting th e  specim en, th e  g r ip s  and s id e  p la te s  were removed from 
the  h o ld e r  and th e  specimen assem bly was mounted in  th e  m achine: th e  s id e  p la te  
was th en  removed from th e  specim en. This p rocedure  ensu red  th a t  no 
bending o f th e  specim en o ccu rred  d u rin g  assem bly,
4 . PRELIMINARY EXPERIMENTS 
4.1* MICROSCOPICAL EXAMINATION
The specim ens from v a rio u s  h e a t  tre a tm e n ts  were a l l  p rep a red  by 
mounting them in  th e rm o se ttin g  p l a s t i c ,  p o l is h in g  on wet s i l i c o n  c a rb id e
pap ers  and f in i s h in g  on 1p and l /4 p  diamond p ad s. In  a l l  c a s e s , 2?/o n i t a l  
was used as  the  e tc h in g  reag en t b u t ,  due to  th e  s o f t  n a tu re  o f th e  m a te r ia l  
sind th e  d i f f e r e n t  e tch in g  c h a r a c t e r i s t i c s  o f th e  i r r e g u la r  f e r r i t e  g r a in s ,  
a  un ifo rm , s c r a tc h - f r e e  m ic ro s tru c tu re  was d i f f i c u l t  to  o b ta in .
4.1*1* Pure Iro n
The m ic ro s tru c tu re  o f  a  p u r i f i e d  i r o n  w ater quenched from th e  wet 
hydrogen tre a tm e n t tem p era tu re  o f 730°C i s  shown in  F ig u re  26. The sm all 
uniform  po lygonal g r a in s ,  c h a r a c te r i s t i c  o f  a com ple te ly  r e c r y s ta l iz e d  
m a te r ia l  a re  a p p a re n t.
I f  t h i s  type o f s t r u c tu r e  i s  h e a te d  to  950°C in  a  n e u t r a l  atm osphere 
and quenched in to  w a te r , s t r u c tu r e s  s im i la r  to ' th o se ' shown i n  F ig u re s  27 -and 
28 a re  produced. The com plete la ck  o f r e g u la r i ty  o f g ra in  boundary shape 
i s  c h a r a c te r i s t i c  o f  th e se  s t r u c tu r e s  which a re  ex trem ely  h e te ro g en eo u s . 
F ig u re  27 shows la rg e  a n g u la r  a re a s  w ith  n e e d le - l ik e  p ro je c t io n s  in to  th e  
m a trix , w hile  o th e r  bo u n d aries  a re  more curved and , in  some c a s e s , jo in  up 
to  en c lo se  c e r ta in  a r e a s .  F ig u re  28 shows c le a r ly  th e  very  i r r e g u l a r  
n a tu re  o f  th e  tra n s fo rm a tio n  p ro d u c ts  and th e  c o n s id e ra b le  v a r ia t io n  i n  g ra in  
s i z e .  The d i f f e r e n t  e tc h in g  c h a r a c t e r i s t i c s  o f  g r a in  b o u n d arie s  a re  a ls o  : 
apparen t*
From a  p u re ly  m orpholog ical p o in t o f  view , i t  was decided  to  
d is t in g u is h  betw een th e se  r a d ic a l ly  d i f f e r e n t  forms o f  f e r r i t e  by c a l l in g
th e  norm al r e c r y s t a l l i z e d  s t r u c tu r e  o f  F ig u re  26 equiaxed  f e r r i t e , and th e  
ex trem ely  heterogenous s t r u c tu r e s ,  F ig u re s  27 and 28 , produced by th e  
y -  a  tra n s fo rm a tio n  as  i r r e g u la r  f e r r i t e .
I f  th e  quenching r a te  was in c re a se d  by u sin g  ic e d  b r in e  in s te a d  o f  
w a te r , th e  specim ens quenched from 950°C showed a change in  m ic ro s tru c tu re  
o f  which F ig u re  29 i s  c h a r a c t e r i s t i c .  The very  d e f in i t e  g ra in  b o u ndaries  
o f  th e  w a ter quenched s t r u c tu r e  have been re p la c e d  by much f in e r  s tep p ed  
p ro je c t io n s  and th e  s t r u c tu r e  in  some p la c e s  i s  c h a r a c te r i s t i c  o f a  b a in i te  
o r m a rte n s ite  ty p e  o f  tra n s fo rm a tio n  p ro d u c t. There was a g a in  co n s id e ra b le  
lo c a l  v a r ia t io n  in  s t r u c tu r e  bu t t h i s  cou ld  never be a s s o c ia te d  w ith  any 
p a r t i c u l a r  p o s i t io n ,  such as  th e  ends o r  edge o f th e  w ire , and i t  ap p ea rs  t h a t  
n u c le a tio n  i s  e n t i r e ly  random.
The f a c t  th a t  quenching r a te  alone changed th e  morphology o f th e  
s t r u c tu r e  was dem onstrated  by quenching 3/ 32” th ic k  pure  i r o n  d is c s ,  h a l f  an 
in ch  in  d iam e te r , in to  ic e d  b r in e .  The c h a r a c t e r i s t i c  i r r e g u la r  f e r r i t e  
s t r u c tu r e  was produced and no ev idence o f  th e  m a r te n s i t ic  type  o f  
s t r u c tu r e ,  shown in  F ig u re  29, was observed .
S tru c tu re s  o f  th e  type shown in  F ig u re  29 w i l l  be r e f e r r e d  to  as  
mixed s t r u c tu r e s  o f  i r r e g u l a r  f e r r i t e  and m assive m a r te n s i te ,  b u t th e  form 
of the  m a r te n s i te  a re a s  i s  p e c u l ia r  to  pu re  i r o n  and d i f f e r s  from th e  
m assive m a r te n s i te  found in  th e  n i t r i d e d  i r o n .
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F ig . 26. Pure iro n -e q u ia x e d  f e r r i t e  -  W.Q. 730°C. 
(g ra in  s iz e  0.03  mm)
Fig* 27. Pure i r o n -  i r r e g u la r  f e r r i t e  -  W.Q* 95>0°C*
. . . * rrrf
m m i
1 0 5 .
x 120
x 200
F ig . 28. Pure i r o n - i r r e g u la r  f e r r i t e  -  W.Q. 950°C.
F ig . 29. Pure i r o n - i r r e g u la r  f e r r i te /m a s s iv e  m a rte n s ite  
ic e d  b rin e  quench 950 CC
A*l*2. I ro n  —1 'Qo02c)% n itro g e n
N itr id e d  iro n s  w a te r quenched from th e  n i t r i d in g  tem p era tu re  o f  
950°C showed m ic ro s tru c tu re s  c h a r a c te r i s t i c  o f  F ig u re  30a. The s t r u c tu r e  
i s  ty p ic a l  o f th a t  d e sc rib e d  as  m assive, o r  m assive m a r te n s i te ,  in  th e  
l i t e r a t u r e  and from i t s  g e n e ra l long  b lo c k - l ik e  morphology, would seem b e s t  
d e sc rib e d  by th e  term  m assive m a r te n s i te * The mixed s t r u c tu r e  th a t  i s  
in h e re n t in  quenched s t r u c tu r e s  i s  shown c le a r ly  in  F ig u re  30b, where la rg e  
a re a s  o f i r r e g u la r  f e r r i t e  c o -e x is t  w ith  th e  m assive m a rte n s ite*  A 
d e f in i te  s im u la r i ty  e x i s t s  between th e  ragged edges o f th e  m assive m a rte n s i te  
and th e  m a rte n s i te  a re a s  shown in  F ig u re  29, a lth o u g h  no d is c r e te  th in  
b lo ck s  were ev er found in  th e  pure  i r o n .
There i s  l i t t l e  o r  no change i n  morphology when th e se  n i t r i d e d  
iro n s  a re  re h e a te d  to  550°C fo r  10 m inutes in  n itro g en *  F ig u re  31& shows 
a  quenched s t r u c tu r e  indexed  w ith  m icrohardness in d e n ta t io n s  p r io r  to  
re h e a tin g , and F ig u re  3*1b shows th e  same a re a  a f te rw a rd s . While th e re  i s  
no change in  m ic ro s tru c tu re , th e re  i s  a  marked change in  m echanical 
p ro p e r t ie s  and t h i s  type  o f  m a te r ia l  w i l l  be c l a s s i f i e d  a s  tem pered m assiv e .
*U2. LATTICE PARAMETER MEASUREMENTS
The s t r u c tu r e s  produced by th e  fo u r ty p es  o f  h e a t  tre a tm e n t were 
examined fo r  l a t t i c e  param eter v a r ia t io n ,  u s in g  a P h i l l i p s  5*73 cm* d iam eter
powder cam era, w ith  a  C obalt ta rg e t*  As i t  was n ecessa ry  to  reduce th e
r%
(b) 
x 250
Fig„ 30* I r o n - 0 .025% n itro g e n  -  m assive m a rte n s ite  
W*Q. 930°C.
109 .
(a ) 
x 320
(b) 
x 320
F ig . 3'1« E f fe c t o f tem pering on th e  morphology o f an iro n - 
0.025% n itro g e n  d isc  W, from 950°C. 
a) W.Q. b) Tempered a t  550°C fo r  10 m in u tes .
exposure tim e to  a  minimum to  avo id  any e f f e c t s  w ith  e i t h e r  ageing  o r  
re co v e ry , a co arse  c o ll im a to r  was u sed , b u t an exposure tim e o f  th re e  hours
was s t i l l  req u ired *  The l a t t i c e  param eter m easurem ents, to g e th e r  w ith  a
I
f i f t h  specim en E, which was tem pered in  an atm osphere c o n ta in in g  n i tro g e n  
and 10$ hydrogen, a re  shown in  Table 8 , and th e  film s  o f  A, B, C and D in  
F igure  32.
TABLE 8 
L a t t ic e  param eter measurements
Pure Iro n Iro n ~ 0.023% N itro g en
A .Equiaxed a B* I r r e g u la r  a C. Massive D.Tempered E.Tempered
m a rte n s i te m a rt.(p u re  N_) m a rt.2 (Np+10%H2 )
W.Q. 730 W.Q. 930 W.Q. 930 W.Q. 330 W.Q. 530
6 o 0 0 0
2.8660A 2 .8663A 2.8664a 2.8663A 2 . 8660A
W ithin th e  l im i t s  o f sthe  te c h n iq u e ,a l l  specim ens showed a sim ple 
cubic s t r u c tu r e  w ith  th e  fo llo w in g  in te r e s t in g  fe a tu re s*  Specimen C 
showed broadening  o f  th e  h ig h  ang le  l i n e s ,  w h ile  some l i n e s  o f  i r o n  oxide 
were observed  in  D. The b roaden ing  su g g es ts  some degree o f  c e l l  d i s to r t i o n  
which must be due to  th e  y -  a  tran sfo rm a tio n *  In  o rd e r  to  c o u n te ra c t th e  
e f f e c t s  o f o x id a tio n  in  specim en D, which was probab ly  on ly  s a r fa c e  o x id a tio n  
s in ce  t h i s  would g iv e  a  f a i r l y  sh arp  e f f e c t  due to  th e  ra y  p e n e tr a t io n  
being sm a ll, a h e a t tre a tm e n t atm osphere c o n ta in in g  10%Hp was used*
111.
A B D
F ig . 32. Back r e f l e c t i o n  d iagram s.
Specimens t r e a te d  in  t h i s  way were u n o x id ised  h u t had in t e r e s t i n g  
p ro p e r t ie s ,  as w i l l  he d isc u sse d  in  S e c tio n  4*4*
An a ttem p t was made to  o b ta in  some id e a  o f  th e  d i s to r t i o n  in  th e  
Y quenched s t r u c tu r e  hy u s in g  a d if f r a c to m e te r ,  h u t th e  a v a i l a b i l i t y  o f 
only a copper t a r g e t  produced a v e ry  h ig h  background and made id e n t i f i c a t i o n  
of peak s h i f t  im p o ss ib le ,
4*3* INTERNAL FRICTION RESULTS -  PURE IRON
4«3*1q E f f e c t  o f  quenching
I n te r n a l  f r i c t i o n  measurem ents on equiaxed  f e r r i t e  have a lre a d y
r
shown th a t  a  n e a r ly  f l a t  curve i s  produced f o r  p lo t s  o f decrem ent a g a in s t  
^  * I f ,  however, s im i la r  measurem ents a re  c a r r ie d  ou t on i r r e g u la r  
f e r r i t e ,  a  marked d if f e r e n c e  i s  observ ed . In  F ig u re  33, A ppendices 1 and 
2, curves f o r  i r r e g u la r  f e r r i t e  (C and D) and n ix ed  i r r e g u la r  f e r r i t e  and 
m artensite  (e ) a re  compared w ith  th o se  o f equ iaxed  f e r r i t e  (A and B ), and 
show th e  p re sen ce  o f a d i s t i n c t  peak.. The d if f e r e n c e s  betw een cu rves A 
and B re p re s e n t  th e  l im i t s  o f background damping used  in  assessm en t o f th e  
Snoek peak h e ig h t ,  w h ile  th e  d if f e r e n c e s  between C and D, specim ens from 
d if fe re n t quenched b a tc h e s , can be d e sc r ib e d  by s l i g h t  v a r ia t io n s  t h a t  
must a r i s e  from quenching.
The change from  i r r e g u la r  f e r r i t e  to  a mixed s t r u c tu r e  produced 
by b rin e  quenching (e ) has th e  e f f e c t  o f  b roaden ing  th e  peak on th e  h ig h
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FIG 33 EFFECT OF QUENCHING ON THE DAMPING
OF PURE IRON
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FIG. 34  NORMALISED CURVES OF FIG. 33
tem p era tu re  s id e .
N orm alised cu rv es  o f  C, D and E a re  shown in  F ig u re  3^i p lo t te d  
a g a in s t  a  th e o r e t i c a l  s in g le  r e la x a t io n  peak , u s in g  an a c t iv a t io n  energy 
o f  16 K *cals. The f a i r l y  good f i t  o f  C and D i s  ap p aren t as  i s  a lso  th e  
h ig h ly  broadened peak produced by ic e  b r in e  quenching -  curve E.
*U3*2# E f fe c t  o f  s t r a i n
P re lim in a ry  s t r a in in g  experim ents were c a r r ie d  out on w ire s  w ith  
equ iaxed  f e r r i t e  s t r u c tu r e s ,  u s in g  s t r a i n  in c rem en ts  o f  2.3%» S tr a in in g  
was c a r r ie d  out a t  tem p era tu res  between 5°0 and 8°C, and th e n  in t e r n a l  
f r i c t i o n  re a d in g s  were tak en  w ith  bo th  tim e and in c re a s in g  te m p e ra tu re .
F ig u re  35 shows cu rv es  o f S  a g a in s t  l /T  fo r  th re e  p r e s t i a i n s  2.5% -  
7 *5%j th e  f i r s t  re a d in g  being  tak en  th re e  to  f iv e  m inutes a f t e r  s t r a in in g .
There i s  an i n i t i a l  drop in  damping a f t e r  w h ich ,th e  damping i s  
s u b s ta n t i a l ly  c o n s ta n t .  The tim e tak en  to  com plete each run  was kO m inutes 
app ro x im ate ly , and i f  th e  tem p era tu re  was m ain ta in ed  a t  th e  h ig h e s t  
tem p era tu re  reach ed  (50 -  55°0 ) and re a d in g s  tak en  w ith  tim e , th e n  th e  
damping g ra d u a lly  dropped as  shown by th e  d o tte d  l i n e s .  Leaving th e  
specim ens to  c o o l down o v e rn ig h t r e s u l te d  in  th e  damping dropping  to  th e  
i n i t i a l  annea led  v a lu e . Specimens in  t h i s  c o n d itio n  were th e n  given  a 
f u r th e r  2.5% s t r a i n  and th e  sequence re p e a te d . The e f f e c t  o f  s t r a i n  i s  th u s  
to  produce an in c re a s e  i n  damping which i s  a  fu n c tio n  o f th e  e x te n t o f 
p re - s t r a in *
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A#3»3* Quenched peak in  i r r e g u la r  f e r r i t e .
Iced  b r in e  quenched specim ens were t e s t e d  fo r  th e  KBster peak found
in te t r a g o n a l  m a r te n s i te s  and co ld  worked i r o n s ,  and th e  r e s u l t s  a re  shown
in  F ig u res  36 and 37 j Appendix 3« F ig u re  36 compares the h e a tin g  and
co o lin g  cu rves o f an i r r e g u la r  f e r r i t e - m a r t e n s i t i c  s t r u c tu r e  a f t e r  h o ld in g  
5 S o c
fo r  13 min. a t  The d i s t i n c t  KBster peak o c cu rrin g  a t  290°C shows
a  drop due to  th e  15 min, tem pering  tre a tm e n t. T his h e a tin g  curve o f 
th e  i r r e g u la r  f e r r i t e - m a r te n s i t i c  s t r u c tu r e  i s  compared w ith  th e  h e a tin g  
curve o f  an equiaxed  f e r r i t e  in  F ig u re  37* The broad Snoek peak
c h a r a c te r i s t i c  o f th e  quenched sam ples i s  ab se n t in  th e  equ iaxed  f e r r i t e
and th e  K Bster peak i s  p r a c t i c a l l y  n o n -e x is te n t ,
A.A. INTERNAL FRICTION RESULTS -  IRON -  0,025% NITROGEN.
A ,A .I. E f fe c t  o f  tem p erin g .
The h e ig h t o f  th e  n itro g e n  Snoek peak in  a  quenched m assive 
m a rte n s ite  and tem pered m assive i s  shown in  F ig u re  38 , Appendix A, where 
i t  can be seen  th a t  th e  peak h e ig h t o f  th e  m assive m a r te n s i te  (570 x 10 
i s  in c re a s e d  some 9 2^  by th e  tem pering  p ro c e ss  a t  550°C.
-AThe peak h e ig h t o f th e  tem pered m assive (625 x 10 ) was e q u iv a len t
to an average n itro g e n  c o n ten t o f  0.0257 w t.$ , g iv in g  th e  p r o p o r t io n a l i ty  
co n stan t between decrem ent and s o lu te  c o n te n t a s  0 .A1 . T his i s  i n  very
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FIG 38 NITROGEN PEAK IN MASSIVE MARTENSITE AND
TEMPERED MASSIVE
(?k)good agreement with the results of Rawlings and Tambini and Fast and 
VC1“TMJp
, who worked on a iron. It is thus reasonable to assume that 
the product of the 550°C tempering treatment is similar to a normal 
ferritlc iron containing 0.025$ despite the dissimilarity in microstructure. 
k*20 Effect of tempering atmosphere
It was observed that as a result of the 10 min. tempering 
treatment at 550°C in pure nitrogen, there was a tendency to surface 
oxidation (Section A-,2). In order to counteract this effect, an 
atmosphere containing 10$ hydrogen was used and specimens tempered in this 
type of atmosphere, when tested for the Snoek peak, showed a 50$ drop in 
peak; height. Furthermore, the peak height appeared to be influenced by 
the time the specimen had been standing at room temperature prior to the 
tempering treatment. This was in contrast to previous results, using a 
pure nitrogen atmosphere which had shown that the peak height after 
tempering was independent of any time lapse between the y region quenching 
and tempering.
To investigate this, massive martensite structures were quencn 
aged at 30°C for various times and then tempered in nitrogen or nitrogen 
+ 1C$ hydrogen at 550°C for 10 minutes. The results in Figure 39»
Appendix 5t showed that for any degree of ageing, tempering in a pure 
nitrogen atmosphere produced complete resolution of nitrogen giving peak
/- -4heights of the order of 630 x 10 • Tempering in nitrogen + 10$ hydrogen
122
produced a peak h e ig h t which was 50$ low er and appeared  to  be dependent 
on th e  degree o f ag e in g .
The e f f e c t  o f th e  hydrogen a d d it io n  was f u r th e r  in v e s t ig a te d  by 
s im ila r  experim ents u s in g  atm ospheres c o n ta in in g  2% and 5$ hydrogen.
F ig u re  **0, Appendix 6 , shows th a t  th e  e f f e c t  o f a  1C$ a d d it io n  was to  low er 
th e  peak h e ig h t to  an e x te n t th a t  was on ly  a f f e c te d  by ageing  fo r  over a  day 
a t  30^0 and th a t  even th en , th e * e f fe c t  was s m a ll. T his low ering  o f th e  peak 
h e ig h t ,  which would re p re s e n t  a  d e n i t r id in g  tendency , was reduced  fo r  a  5% 
hydrogen a tm osphere , b u t th e  e f f e c t  o f ageing  was more pronounced: ageing
f o r  tim es g r e a te r  th an  one h o u r, produced a le s s e n in g  in  th e  e f fe c t iv e n e s s
r
o f  th e  gas to  d e n i t r id e .  The d e n i t r id in g  c a p a c ity  o f a  2% hydrogen 
atm osphere was very  sm all in d eed . There i s  th u s  a  co n n ec tion  between th e  
d e n i t r id in g  c a p a c ity  o f  th e  atm osphere and the  fo rm ation  o f  n i t r i d e s  due to  
quench ag e in g .
A f u r th e r  i n t e r e s t i n g  e f f e c t  was found when one o f  th e  specim ens
c -ift h a t  had been tem pered in  n itro g e n  + 10$ hydrogen C o  max = 285 x 10 ) ,
and th u s  had o s te n s ib ly  been d e n itr id e d  by over 50$, was re h e a te d  a t  530°C 
in  pure  n i t ro g e n . An in c re a s e  in  peak h e ig h t o f app rox im ate ly  25-30$ was 
observed su g g es tin g  an o v e r a l l  in c re a s e  in  n i tro g e n  c o n te n t .  However, a 
p ick -up  o f  n i tro g e n  o f t h i s  amount i s  im probable a t  550°C, s in c e  fo r  an 
Fe -  0 .025$ a l lo y ,  th e  tendency  fo r  a  pu re  n i tro g e n  atm osphere would in  
f a c t  be d e n i t r id in g .
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A p o s s ib le  e x p la n a tio n  fo r  th e se  i n t e r e s t i n g  e f f e c t s  i s  g iven  in  
th e  main d is c u s s io n , b u t s in c e  th e  problem was somewhat u n re la te d  to  th e  
main to p ic  i t  was no t in v e s t ig a te d  any f u r th e r ,  and a l l  subsequen t 
tem pering  tre a tm e n ts  were c a r r ie d  ou t u s in g  a pu re  n itro g e n  a tm osphere .
4 .5 .  TENSILE TEST RESULTS
A p a r a l l e l  t e n s i l e  in v e s t ig a t io n  o f th e  s t r u c tu r e s  r e s u l t in g  from 
quenching pu re  i ro n  and a n i t r id e d  i r o n  was c a r r ie d  out and th e  r e s u l t s  a re  
shown in  F ig u re s  4 l  and 42, and Table 9 .
TABLE 9
T e n s ile  d a ta  fo r  pure i r o n  and i r o n  -  0 ,025$ 
n itro g e n  s t r u c tu r e s
M a te ria l S tru c tu re
UYS
T o n s /sq .in c h  
LYS UTS E l.$
Equiaxed f e r r i t e  -  W.Q. 730 8.62 1 4 .2 t 214
Equiaxed f e r r i t e  -  F .C . 10 .3 9 .7 14 .5 22
Pure i r o n I r r e g u la r  f e r r i t e  -  W.Q.950 11.2 14 .6 5
I r r e g u l a r  f e r r i te /m a s s iv e  
m a rte n s i te  -  ic e  b r in e  
quench 930 13 .9 21.9 24
Fe -  0.025$N
M assive m a rte n s ite  
Tempered m assive
14.7
13.6
14.6
1 3 .4
22.1
21.7
84
134
Figure 4l shows load/elongation curves for equiaxed ferrite prater 
quenched and furnace cooled from 730°C and an irregular ferrite f^ ater 
quenched from 930 °C and a mixed irregular ferrite/massive martensite 
obtained by ice brine quenching from 930°C* The curves for equiaxed 
ferrite show that, despite the absence of a Snoek peak, there is a distinct 
yield point and that furnace cooling increases the yield stress and 
produces the characteristic yield drop and ragged Luders strain of an aged 
structure.
The change from equiaxed ferrite to irregular ferrite is to 
suppress the yield point and to reduce drastically the ductility* which is 
again symptomatic of internal strain, while the structure produced by 
brine quenching is even stronger and more brittle.
Similar load/elongation curves for massive martensite and tempered 
massive in an iron-nitrogen alloy are shown in Figure 42. The curves 
show a marked yield point in both curves, although this was sometimes 
suppressed in the massive martensite, and the higher yield stress, 
ultimate tensile stress and lower ductility of the massive martensite.
The lower work hardening exponent of the tempered massive is also apparent.
It must be emphasized that the scatter in results from tensile 
tests was much higher than for internal friction, reflecting the averaging 
nature of the Snoek mechanism. In particular, the results of massive 
martensite showed a degree more scatter than the tempered massive samples.
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FIG 41 LOAD ELONGATION CURVES FOR PURE IRON
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FIG 42 LOAD ELONGATION CURVES FOR MASSIVE 
MARTENSITE (A) AND TEMPERED MASSIVE (B)
^ 6* SUMMARY OF PRELIMINARY. INVESTIGATION
The p re lim in a ry  r e s u l t s  d e sc rib e d  above showed th a t  th e  y -  a  
tra n s fo rm a tio n  produced a  s in g u la r  change in  m ic ro s tru c tu re  and th a t  t h i s  
was f u r th e r  r e f l e c te d  by c h a r a c te r i s t i c  d if f e r e n c e s  in  p h y s ic a l  p r o p e r t ie s .  
In  th e  case  o f  pure  i r o n ,  th e  change from equiaxed  f e r r i t e  to  irreg u la r*  
f e r r i t e  was accompanied by the  appearance o f a  sm all Snoek peak which was 
broadened by th e  t r a n s i t i o n  to  a  mixed i r r e g u la r  f e r r i t e - m a r te n s i te  
s t r u c tu r e .  The t e n s i l e  p ro p e r t ie s  o f  t h i s  change in  s t r u c tu r e  showed a 
p ro g re s s iv e  d ecrease  in  d u c t i l i t y ,  in c re a s e  in  u l t im a te  t e n s i l e  s t r e n g th  
and th e  rem oval o f  th e  y ie ld  p o in t .
S im ila r  experim ents on an Fe -  0,025% ^  a l lo y  showed an in c re a s e  
in  peak h e ig h t o f a quenched m assive m a rte n s ite  s t r u c tu r e  caused  by 
tem pering  a t  5'50°C i n  pure  N^, This in c re a s e  i n  peak h e ig h t was produced 
by an i n t e r n a l  reco v ery  p ro c e s s , s in c e  no change in  m ic ro s tru c tu re  was 
observed  and thL s was confirm ed by an a l t e r a t i o n  in  t e n s i l e  p r o p e r t i e s .
The p ro p e r t ie s  o f  the tem pered m assive were though t to  be com parable w ith  
th o se  o f  a  i r o n .
F ollow ing th e se  r e s u l t s  and th e  e f f e c t  o f s t r a i n  on th e  damping 
of p u re  i r o n ,  i t  was decided  to  c o n c e n tra te  th e  main p a r t  o f th e  re se a rc h  
on f in d in g  th e  e f f e c t s  o f  th e  s t r u c tu r e s  o u t l in e d  above, on th e  recovery  o f 
damping o f pure  i r o n  a f t e r  s t r a i n  and on th e  quench ageing  ar.d s t r a i n  
ageing te n d e n c ie s  o f  Fe -  0,025% a l lo y s ,  a s  a s se s se d  by th e  re d u c tio n
in  Snoek peak h e ig h t and t e n s i l e  t e s t  d a ta .
5 . TRANSIENT DAMPING IN PURE IRON
5 .1 .  EQUIAXED FERRITE
The recovery  o f  damping fo llo w in g  s t r a i n  o f  pure  iro n s  quenched 
from 730°C, hav ing  s t r u c tu r e s  s im i la r  to  th o se  o f  F ig u re  26, was 
in v e s t ig a te d  fo r  2^% and 5% s tra in *  W ires were s t r a in e d  and allow ed  to  
re c o v e r iso th e rm a lly  a t  fo u r  tem p e ra tu res  -  19°» 36°, 45° and 55°C. The 
f i r s t  re a d in g s  were o b ta in ed  approx im ate ly  1 m inute a f t e r  s t r a in in g  and th e  
a p p ro p r ia te  iso th e rm a l recovery  cu rves o f decrem ent a g a in s t  lo g  tim e a re  
shown in  F ig u re s  and kk, A ppendices 7 and 8 .
I t  can be seen from th e se  c u r v e s , th a t  th e  recovery  o f damping 
fo llo w in g  s t r a i n  i s  tem p era tu re  dependent and th a t  th e  i n i t i a l  v a lu e s  o f 
decrement fo llo w in g  s t r a i n  (1 m inute) a re  s im i la r .  S ince  th e re  i s  no 
Snoek peak in  th e se  equ iaxed  f e r r i t e  s t r u c tu r e s ,  th e  va lue  o f  th e  background 
damping w i l l  be n e a r ly  th e  same p r io r  to  s t r a in in g  a t  th e  a p p ro p r ia te  
te m p e ra tu re , F ig u re  33A. Thus, i t  can be seen  th a t  th e  e f f e c t  o f  s t r a i n  
on damping i s  tem p era tu re  independent i n  t h i s  ran g e . The v a lu e s  o f  
background and th e  i n i t i a l  v a lu e so f  damping fo llo w in g  s t r a i n  a re  g iven  in  
Table 10 .
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TABLE 10
The in c re a s e  in  damping o f  equiaxed  f e r r i t e  
w ith  s t r a i n  a t  v a r io u s  tem p e ra tu res
S tr a in  and Recovery Tem perature 19°C 36°C if5°C 55° C
-----------
cBackground -  o  x 10 154 16 154 154
r  kDamping a f t e r  2*5% s t r a i n  -  o x  10 6 l i 62% 624 62
/  r ^Damping a f t e r  5% s t r a i n  -  5 x  10
-  -A- .. .... . . ..... . . .....................  ■ .......  ■ ■
98 102 99 102
The e f f e c t  o f ap p ly in g  th e  s t r a i n  in  one o r two s tag e s ,w as  shown
r
by ta k in g  a  specim en, s t r a in in g  i t  2 . 5% and a llo w in g  i t  to  re c o v e r f u l l y  
and th en  s t r a in in g  i t  a  f u r th e r  2.5%. The i n i t i a l  damping fo llo w in g  s t r a i n  
v/as th en  s im i la r  to  t h a t  o b ta in ed  by s t r a in in g  an o th e r w ire  5% i n  one s ta g e  
and th e  co rresp o n d in g  recovery  r a t e s  were found to  be very  s im i la r  
(F ig u re  7 2 ).
5 .2 .  IRREGULAR FERRITE . # .
The e f f e c t  o f  th e  change in  s t r u c tu r e  from equiaxed  f e r r i t e  to  
i r r e g u la r  f e r r i t e  on recovery  a f t e r  s t r a in in g  was fo llow ed  in  a  s im i la r  way 
to  th a t  o u tl in e d  above, excep t th a t  a f t e r  quenching th e  w ires  were d is to r te d  
and had to  be s t r a ig h te n e d  by hand p r io r  to  mounting in  th e  i n t e r n a l  
f r i c t i o n  a p p a ra tu s . Due to  th e  low d u c t i l i t y  o f th e se  w ire s , s t r a in in g  
was r e s t r i c t e d  to  2 .5% and th e  iso th e rm a l recovery  cu rves fo r  s t r a i n  a t  35°
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45° and 55 °C a re  shown in  F igu re  45, Appendix 9*
I t  would appear th a t  th e  i n i t i a l  v a lu es  o f damping fo llo w in g  
s t r a in in g  a re  tem p era tu re  dependent, bu t in  t h i s  case th e  background damping 
i s  no t c o n s ta n t ,  F ig u re  33D, and on s u b tr a c t io n  o f the  a p p ro p r ia te  background 
v a lu e s , Table 11, i t  i s  ag a in  ev id en t t h a t  the  in c re a se  in  damping i s  
tem p era tu re  in d ep en d en t.
TABLE 11
The in c re a s e  in  damping o f i r r e g u la r  f e r r i t e  
due to  s t r a i n  a t  v a rio u s  te m p e ra tu re s .
S t r a in  and reco v ery  tem p era tu re 35°C 45 °C 55°C
r  4Background -  o x  ID 3 3 j 2 4 .1 /4 1 5 j
r  4Damping a f t e r  23>% s t r a i n  0  x  10 68 60 50
2*
In c re a se  due s t r a i n  & x 10 34J -35 .3 /4 3*4
5.5* KINETICS OF THE RECOVERY PROCESS
The k in e t i c s  o f th e  recovery  p ro c e ss  can be d e sc r ib e d  by th e  
fo llo w in g  e x p re ss io n
P = exp. (**Btn )...................................................... 36
where th e  reco v ery  param eter P i s  a  measure o f  th e  re c o v e ra b le  damping and 
i s  g iven  by S .  -  S where S . i s  th e  damping a t  any tim e , t ,  and 5T/ O . v ^
i s  the  f i n a l  va lue  o f  damping.
P lo ts  o f log  P a g a in s t  t n fo r  equ iaxed  f e r r i t e  a re  shown in  
F ig u re s  46 and 4? fo r  2.5% and 3% s t r a i n  r e s p e c t iv e ly ,  Appendices 10-13*
The ex trem ely  good f i t  fo r  up to  90% o f  th e  p ro cess  i s  apparen t, a lthough  
th e re  i s  some d e v ia t io n  fo r  recovery  fo llo w in g  2 . 3% s t r a i n  a t  19°C in  th e  
i n i t i a l  s ta g e s .  V alues fo r  th e  exponent va ry  between 0 .3  and 0 .4 5 , w h ile  
th a t  o f  B , an a r b i t r a r y  c o n s ta n t ,  vary  between 0 .1  and 0 .2 .  The f a c t  
t h a t  th e  whole p ro cess  Can be f i t t e d  to  an eq u a tio n  o f t h i s  type  would 
in d ic a te  th a t  on ly  a s in g le  reco v ery  mechanism i s  o p e ra t iv e .
nS im ila r  cu rves fo r  log  P a g a in s t  t  fo r  th e  i r r e g u la r  f e r r i t e  .do
no t have th e  same c h a r a c t e r i s t i c s .  F ig u re  48, Appendix 14, shows t h a t ,
a p a r t  from reco v ery  a t  33°G, th e re  i s  a  d i s t i n c t  b reak  from th e  l i n e a r
0.15r e la t io n s h ip  between lo g  P and t  * , in d ic a t in g  a more complex reco v ery
p ro c e ss . I t  i s  su g g ested  th a t  t h i s  i s  due to  a c o n tr ib u tio n  from th e  
Snoek peak .
I f  th e  cu rv es  a re  s p l i t  in to  s e c t io n s  A and B th e n , f o r  reco v ery  
a t  53°0 , th e  damping and i t s  recovery  i s  o f  type  A. D ecreasing  th e  
recovery  tem peratu re ,show s an in c re a s in g  p ro p o r tio n  o f B and a f a s t e r  
d e v ia t io n  o f  recovery  from type A. R eference to  Table 11 shows t h a t ,  a t  
43°C and 33°C ,‘ th e re  i s  an in c re a s e  in  th e  background damping due to  th e  
Snoek r e la x a t io n  mechanism and i t  i s  t h i s  in c re a s e  t h a t  i s  th e  cause o f th e  
d e v ia t io n . Thus, p a r t  A r e p re s e n ts  reco v ery  analogous to  t h a t  o c cu rrin g
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in  equiaxed  f e r r i t e  and i s  due to  a  d is lo c a t io n  component, and p a r t  B 
re p re s e n ts  an e f f e c t  due to  the  s t r e s s  induced  movement o f  n itro g e n  atom s.
In  o rd e r  to  compare th e  two mechanisms in  term s o f  a c t iv a t io n  energy , on ly  
p a r t  A o f th e  reco v ery  cu rves fo r  i r r e g u la r  f e r r i t e  w i l l  be c o n s id e re d .
6 .  IRON -  0,025%  NITROGEN1 QTJENCE AGBING
6 .1 .  . INTERNAL FRICTION
6 .1 .1 .  Snoek Peak
The e f f e c t  o f th e  y -  a  tra n s fo rm a tio n  was f i r s t  in v e s t ig a te d  f o r  
i t s  e f f e c t  on th e  shape o f  th e  n i tro g e n  Snoek peak and to  see  w hether th e re  
was any s ig n i f i c a n t  d if f e re n c e  betw een th e  i n i t i a l  and f i n a l  s ta g e s  o f  ag e in g . 
F ig u re s  +^9 and 50, Appendices 15 and l 6 , show ty p ic a l  Snoek peaks fo r  
v a rio u s  degrees o f  ageing  fo r  m assive m a r te n s i te  and tem pered m assive 
r e s p e c t iv e ly .  N orm alised cu rv e s , F ig u res  51 and 52 , show no s ig n i f i c a n t  
v a r ia t io n  betw een i n i t i a l  and f i n a l  s ta g e s  o f ageing  and a re  compared w ith  
a s in g le  r e la x a t io n  p ro c e ss , hav ing  an a c t iv a t io n  energy o f  15 .6  K calS , .
Using e q u a tio n  22, where the  a c t iv a t io n  energy i s  r e l a t e d  to  th e  h a l f  peak 
w id th , an a c t i v a t io n  energy fo r  th e  Snoek peak o f 16 UCcals. + 1 .8  K ca ls , . 
was d e riv ed  from the  low tem p era tu re  s id e  o f  th e  n o rm alised  c u rv e . S ince 
th e  l im ite d  frequency  range o f th e  to r s io n  pendulum i s  n o t s u f f i c i e n t  to  
produce a s ig n i f i c a n t  change in  peak te m p e ra tu re , i t  was n o t p o s s ib le  to  
o b ta in  a  more a c c u ra te  v a lu e .
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The sm all i r r e g u l a r i t i e s  found in  some o f  th e  m assive m a rte n s i te  
specim ens on the  h ig h  tem pera tu re  s id e  o f  th e  peak , F ig u re  4-9, a re  not 
ty p ic a l  and in  f u r th e r  experim ents i t  was n o t p o s s ib le  to  r e l a t e  th e se  
i r r e g u l a r i t i e s  to  any p a r t i c u l a r  ageing  tim e . S ince th ey  on ly  o ccu rred  
in  th e  m assive m a rte n s i te  specim ens, i t  i s  l i k e l y  th a t  they  r e s u l t  from th e  
e f f e c t s  o f s t r a ig h te n in g  the  w ires  fo llo w in g  quench ing . This h an d lin g  
e f f e c t  would be removed by th e  10 m inute tem pering tre a tm e n t i n  th e  case  o f  
tem pered m assive . T his e f f e c t  o f  th e  h an d lin g  on th e  shape o f the  peak was 
su g g ested  by
6*1.2* Ageing cu rves
Quench ageing  cu rves were d e riv e d  u s in g  th e  drop in  h e ig h t o f  th e  
Snoek peak shown in  F ig u res  k9 and 50, a s  the  c r i t e r i o n  fo r  a g e in g .
Ageing was c a r r ie d  ou t a t  th re e  te m p e ra tu re s , nam ely, 30°, 65° and 100°C, 
and th e  r e s u l t s  a re  p lo t te d  in  F ig u re s  53“55j Appendix 17. In  each c u rv e , 
in d iv id u a l  p o in ts  r e p re s e n t  th e  peak h e ig h t o f  a s in g le  specim en and , w ith  
the  e x cep tio n  o f th e  30°C ag e in g , th e  cu rves a re  d e riv e d  from two d i s t i n c t  
b a tch es  o f  seven o r  e ig h t specim ens. The degree o f  s c a t t e r  t h a t  i s  
apparen t can th u s  be ex p la in ed  in  term s o f th e  s l i g h t l y  d i f f e r e n t  quenching 
c o n d itio n s  o f each b a tc h .
I t  i s ,  however, ap p aren t t h a t  th e re  i s  a  tendency w ith in  each 
in d iv id u a l b a tc h  o f  the  m assive m a rte n s ite  sam p le s , f o r  some in f le x io n  
in  th e  c u rv e s . T his occu rs  between 10 to  16 rain, a t  65°C, and 7 to  12 min.
a t  100°C, and i s  r e p re s e n ta t iv e  o f  a  r e s o lu t io n  o f c lu s t e r s  o f n itro g e n  
atoms o r a  slow ing down in  th e  ageing  p ro c e ss .
To f a c i l i t a t e  th e  d e r iv a t io n  o f th e  k in e t i c s  o f  quench-ageing , 
a l l  k in e t ic  d a ta  was tak en  from th e  r e p re s e n ta t iv e  s o l id  l in e  drawn th rough  
th e  two b a tc h e s , and th e  most s t r ik in g  o b se rv a tio n  i s  th a t  th e  m assive 
m a r te n s i te  ages a t  a  r a t e  which i s  th r e e  to  f iv e  tim es f a s t e r  th a n  th a t  o f  
th e  tem pered m assive. I f ,  th e n , n itro g e n  atoms f in d  p r e f e r e n t i a l  s i t e s  
a t  d i s lo c a t io n s ,  i t  would su g g est a  h ig h  d is lo c a t io n  d e n s ity  in  th e  m assive 
m a r te n s i te  r e s u l t i n g  from th e  tra n s fo rm a tio n  p rocess#
6 .1 .3 #  K in e tic s* o f  quench-ageing
The k in e t ic s  o f  th e  quench ageing  p ro c e ss  were d e riv e d  u s in g  th e  
l in e  o f  b e s t  f i t  fo r  a  g e n e ra l eq u a tio n  o f th e  type
/ nlo g  P = K t  37
where P = -  S ^  and & £ ^ is  th e  peak h e ig h t a f t e r  any tim e , t ,
^Qnax) ^  ) -^s  i n i t i a l  peak h e ig h t and £
i s  th e  background damping.
T h u s ,P / r e p re s e n ts  the  f r a c t io n  o f  n itro g e n  atoms rem aining in  s o l id  
s o lu t io n .
The k in e t i c s  o f  quench ageing  in  m assive m a r te n s i te  i s  shown in
2 /3F ig u res  56 and 37 , Appendix 18, where a  f a i r  f i t  to  a  t  law i s  o b ta in ed .
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However, a  s im i la r  f i t  fo r  th e  tem pered m assive was no t p o s s ib le  and
F ig u re s  58- 59 , Appendix 19, show th a t  th e  i n i t i a l  50$ o f  th e  p ro cess  can 
0 8be f i t t e d  to  a t  re la t io n s h ip #  The l a t e r  s ta g e s  o f th e  p ro c e s s , up to  
95$ ,  can in  f a c t  be r e l a t e d  to  exponents between 0 .A5 and 0 *6 .
In  g e n e ra l te rm s, th e r e f o r e ,  th e  ageing  o f  quenched m assive 
m a rte n s i te  can be d e sc rib e d  in  term s o f  obeying s t r a i n  ageing  k i n e t i c s ,  
whereas th a t  o f  th e  tem pered m assive can be d e sc rib e d  by a  norm al tim e 
dependent quench ageing  p ro c e ss .
6*2* .TENSILE DATA
The p a r a l l e l  s e r i e s  o f  t e n s i l e  t e s t s  which were c a r r ie d  o u t, 
r e f l e c t  most o f th e  c h a r a c t e r i s t i c s  a lre a d y  shown by th e  i n t e r n a l  f r i c t i o n  
r e s u l t s .  A ty p ic a l  s e r i e s  o f lo a d  e lo n g a tio n  cu rves fo r  m assive 
m a rte n s i te  and tem pered m assive a re  shown in  F ig u re s  60 and 61* Assessm ent 
o f th e  ag e in g  r a t e  was o b ta in e d  from change i n  v a lu e s  o f th e  y ie ld  s t r e s s  
w ith  tim e and t h i s  i s  shown in  F ig u re s  62 and 63* Each p o in t  r e p re s e n ts  
th e  mean o f  th re e  specim ens and th e  degree o f  s c a t t e r ,which i s  h ig h  in  th e  
m a r te n s i t ic  s a m p le s ,is  in d ic a te d .  The c r i t e r i o n  o f y ie ld  s t r e s s  was u s e d , 
due to  th e  very  e r r a t i c  n a tu re  o f th e  lo a d  e lo n g a tio n  cu rv es  in  the  Luders 
s t r a i n  re g io n . T his was most prom inent in  th e  i n i t i a l  s ta g e s  o f  ag e in g , 
making th e  e v a lu a tio n  o f  a  flow s t r e s s  ex trem ely  d i f f i c u l t .  S im ila r  
very  je rk y  a re a s  were found in  th e  w ork-hardening  re g io n  o f th e  cu rves
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and a re  a s s o c ia te d  w ith  th e  unpinning o f  d is lo c a t io n s  from i n t e r s t i t i a l s  
t h a t  have te m p o ra rily  s topped  them. The e x te n t o f  t h i s  e r r a t i c  
behav iou r d im in ished  w ith  ageing  tim e and was a b sen t a t  any s ta g e  a f t e r  
65% o f  th e  p ro c e ss . The h ig h e r  work h ard en in g  exponent o f th e  m assive 
m a rte n s i te  i s  a lso  a p p a re n t.
A com parison o f th e  cu rves fo r  a p a r t i c u l a r  ageing  tem p era tu re  
a g a in  shows th a t  th e  m assive m a rte n s i te  ages a t  a  r a t e  which i s  th re e  to  
s ix  tim es f a s t e r  th an  th a t  o f  the  tem pered massive* An in c re a s e  i n  y ie ld  
s t r e s s  i s  s t i l l  o c c u rrin g  a f t e r  one week a t  30°C in  bo th  s t r u c tu r e s ,  w hile  
a  maximum v a lu e  o f  y ie ld  s t r e s s  and subsequent o v erageing  i s  o b ta in e d  a f t e r  
205 m inutes and 2150 m inutes a t  100°C and 65°C r e s p e c t iv e ly ,  fo r  m assive 
m a r te n s i te ,  and 1350 m inutes and 5^50 m inutes fo r  tem pered m assive 
r e s p e c t iv e ly .  The maximum v a lu es  o f y ie ld  s t r e s s  a re  some ^  h ig h e r  in  
th e  m assive m a r te n s i te ^ re f le c t in g  th e  i n i t i a l  d if f e re n c e  between th e  
s tru c tu re s a n d  the  g e n e ra l ly  h ig h e r  s t r e n g th  and low er d u c t i l i t y  o f  th e  
m a rte n s ite  i s  shown by the  f u l l  t e n s i l e  d a ta  g iven  in  Appendix 25«
A com parison o f th e  tim es tak en  to  reach  th e  maximum value  o f  
y ie ld  s t r e s s  w ith  th o se  re q u ire d  to  remove a l l  n itro g e n  atom s from s o l id  
s o lu t io n  shows th e  expec ted  la g  which would be n e ce ssa ry  to  form 
p r e c ip i t a t e s  o f  s ig n i f i c a n t  d im ensions. The g e n e ra l shape o f th e  ageing  
curves d e riv e d  from in te r n a l  f r i c t i o n  show good agreem ent w ith  F ig u res  
61 and 62 , a lth o u g h  th ey  g iv e  no in d ic a t io n  o f  th e  d i f f e r e n t  m echanical
156.
p ro p e r t ie s  th a t  r e s u l t  from ageing  a t  th e  d i f f e r e n t  te m p e ra tu re s . This i s
shown by a  r e l a t i v e  d if fe re n c e  in  maximum y ie ld  s t r e s s  o f  between
f u l l y  aged specim ens a t  65°C and 100°C.
Thus, i n t e r n a l  f r i c t i o n  d a ta  can be used most s u c c e s s fu l ly  in
fo llo w in g  th e  k in e t i c s  o f  ageing ,w here  i t s  av erag in g  a b i l i t y  a llo w s a  more 
a c c u ra te  assessm ent o f  i n t e r s t i t i a l  rem oval to  be made, bu t th e  r e s u l ta n t  
j)h y s ic a l p r o p e r t ie s  can  on ly  be in v e s t ig a te d  from th e  r e s u l t s  o f t e n s i l e  
exp erim en ts .
7< IRON 0 .0 2 5% NITROGEN i STRAIN AGEING
7*1. INTERNAL FRICTION 
7.1*1* A geing- Curves
S tr a in  ageing  cu rves * u s in g  a  p r e s t r a in  o f 2.5%, were d e riv e d  
in  a  s im i la r  way to  th o se  o f  quench a g e in g . Two b a tch e s  o f  seven o r  e ig h t  
specim ens were used  fo r  each curve and th e  r e s u l t s  a re  shown in  F ig u re s  64 -  
66 fo r  th e  th re e  ageing  te m p e ra tu re s .
A lthough th e  m assive m a rte n s i te  a g a in  ages a t  a  f a s t e r  r a t e  th a n  
the  tem pered m assive , th e  d if f e r e n c e  i s  n o t so h ig h  as  in  quench a g e in g .
The tendency  fo r  r e s o lu t io n  th a t  was ap p aren t in  quench a g e in g , *'i3 a ls o  n o t 
ev id en t in  th e  s t r a i n  ageing  c u rv e s , and th e  degree o f  s c a t t e r  o f  th e  
m a r te n s i t ic  i r o n  i s  red u ced . T his l a t t e r  o b se rv a tio n  i s  p robab ly  due to
i /
th e  e f f e c t  o f th e  2 s t r a i n  p roducing  a  more homogenous d is lo c a t io n  
d e n s ity  th an  was in h e re n t in  th e  quenched s t r u c tu r e .
K in e tic s  o f  S t r a in  Ageing
The k in e t i c s  o f the  s t r a i n  ageing  p ro cess  a re  shown in  F ig u re s  67
and 68 fo r  m assive m a rte n s i te  and tem pered m assive . The much b e t t e r  f i t
2 /3fo r  log  P/ a g a in s t  t  i s  ap p a ren t fo r  th e  m assive m a r te n s i te ,  w h ile  th e
2 /3k in e t i c s  o f  ageing  fo r  th e  tem pered m assive can now be f i t t e d  to  a  t  tim e 
dexoendent law . The s c a t t e r ,  however, i s  s im i la r  to  th a t  fo r  th e  quench 
ageing  cu rves o f m assive m a r te n s i te .
I t  would th u s  seem th a t  th e re  i s  some th re s h o ld  value o f
2 /3d is lo c a t io n  d e n s ity  a t  which th e  C o t t r e l l -B i lb y  t  law o f  rem oval o f  
n itro g e n  atoms from s o l id  s o lu t io n  i s  a p p l ic a b le ,  and th e  ‘above r e s u l t s  • 
su g g es t t h a t  i t  i s  o f  th e  o rd e r  o f  t h a t  produced byva 2 j$  s t r a i n ,
7 .2 .  TENSILE DATA .
A s im ila r  s e t  o f  t e n s i l e  d a ta  was com piled fo r  s t r a i n  ageing
experim ents a t  th e  th re e  te m p e ra tu re s . The x^arameter used fo r  assessm ent
of ageing  was t h a t  o f th e  y ie ld  s t r e s s  d iv id e d  by th e  p r e s t r a in  s t r e s s  
YS( /-d a » ) * anc* ageing  cu rves fo r  m assive m a r te n s i te  and tem pered
x * O •
m assive a re  shown in  F ig u re s  69 and 70.
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The s c a t t e r  fo r  in d iv id u a l  p o in ts  i s  l e s s  th an  in  th e  cu rves fo r  
quench ageing  and , a g a in , the  tem pered m assive has th e  g r e a te r  degree o f  
r e p r o d u c ib i l i ty .  As would be expected  from th e  i n te r n a l  f r i c t i o n  cu rv e s , 
th e  tim es to  re ach  a  maximum value o f  y ie ld  s t r e s s  a re  much f a s t e r  th a n  fo r  
quench ageing and the  f a s t e r  ageing  r a t e  o f  th e  m assive m a rte n s i te  i s  ag a in  
r e f l e c te d  by th e  ageing  cu rves a t  30°C and 65°C, a lth o u g h  th e  d if f e r e n c e  i s  
now red u ced . In  f a c t ,  th e  ageing  cu rves f o r  100°C show n e a r ly  i d e n t i c a l  
ageing  r a t e s .
The g e n e ra l ly  h ig h e r  s t r e n g th  o f  th e  m assive m a r te n s i te  and h ig h e r  
work harden ing  exponent was ag a in  ap p aren t from in d iv id u a l  t e n s i l e  c u rv e s , 
and th e  f u l l  s t r a i n  ageing  d a ta  i s  g iven  in  Appendix 26. The v a lu e s  o f 
y ie ld  s t r e s s  and u lt im a te  t e n s i l e  s t r e n g th  a t  th e  p o in t  o f maximum 
harden ing  a re  g iven  in  Table 12.
TABLE 12
Optimum s tr e n g th  o f  s t r a i n  aged m assive 
m a r te n s i te  and tem pered m assive .
. M assive m a r te n s i te Tempered m assive
Ageing tem p era tu re 30°C 65°C 100°C 30°C
-i
65°C
K
100 °c
Y ie ld  s t r e s s  t o n s /a q . in . 29 .3 28 .5 26.7 25 .5 2A.9 2*f.l
U.T.iS. to n s / s q . i n . 33 .2 3 1 .9 28 .5 30 .9 28.2 27 . Lf
8 . GENERAL DISCUSSION
8 .1 .  TRANSFORMATION PRODUCTS IN PURE IRON AND IRON 0.025$ NITROGEN ALLOYS
I t  would appear th e n ,th a t  a  c l a s s i f i c a t i o n  o f  th e  ty p e s  o f  s t r u c tu r e  
produced in  quenching pure i ro n  o r i r o n - 0 •025% n itro g e n  a l lo y s  can b e s t  be
tw v 4 > r o k .c » » v j
d e sc rib e d  in  term s o f an i r r e g u la r  f e r r i t e ,  s t r u c tu r e s  p re v io u s ly
c l a s s i f i e d  as e i t h e r  m assive f e r r i t e  o r  equiaxed  f e r r i t e ,  and m assive 
m a r te n s i te ,  which in c lu d ed  s t r u c tu r e s  p re v io u s ly  c l a s s i f i e d  as m assive o r 
m a r te n s i t ic ,  The term  equiaxed  f e r r i t e  i s  b e s t  a p p lie d  to  th e  s t r u c tu r e s  
c h a r a c te r i s t i c  o f  a  com plete ly  r e c r y s t a l l i z e d  s t a t e .
The change from i r r e g u la r  f e r r i t e  to  m assive m a rte n s i te  can be
e f f e c te d  by in c re a s in g  th e  quenching r a t e  o r  by a l lo y in g  w ith  n i t r o g e n .
The d i s t i n c t  change in  s t r u c tu r e  from i r r e g u la r  f e r r i t e  to  a  mixed s t r u c tu r e
o f  f e r r i t e  and m assive m a rte n s i te  as found in  t h i s  work (F ig u res  27-29)» can
be ach ieved  i n  pure i ro n  by in c re a s in g  th e  quenching r a te  from th a t  o f
w ater q u en ch ,to  an ic e d  b r in e  quench; t h i s  i s  in  c o n tra s t  to  th e  t r a n s -
(15A)fo rm ation  s tu d ie s  o f Bibby and P a rr  . They found th a t  a  quenching 
r a te  o f  33»000°C /sec .w as needed to  produce a change from a  m assive p roduct 
( i . e .  i r r e g u la r  f e r r i t e )  to  a p roduct e x h ib it in g  su rfa c e  r e l i e f ,  and th a t  
in  ex trem ely  pure  iro n ,n o  p ro d u c ts  showing s u rfa c e  r e l i e f  cou ld  be o b ta in e d  
w ith  quenching r a t e s  up to  52,000°C /sec» I f ,  however, th e  m a te r ia l  
co n ta in ed  s n a i l  amounts o f  i n t e r s t i t i a l  e lem en ts , th en  th e  t r a n s i t i o n  cou ld  
be ach ieved  w ith  low er quenching r a t e s .
The d if fe re n c e  in  th e  r e s u l t s  o f  t h i s  work can th u s  be a sc r ib e d  
e i th e r  to  th e  s o - c a l le d  pure  iro n s  having a  s ig n i f i c a n t  i n t e r s t i t i a l  c o n ten t 
o f th e  o rd e r o f  8 p.pirru , o r e ls e  th a t  th e  c r i t e r i o n  o f s u rfa c e  r e l i e f  ja s  
used  by Bibby and P a r r , i s  n o t r e p re s e n ta t iv e  o f a  change in  p roduct 
m orphology. I t  would th u s  have been in fo rm a tiv e  to  in v e s t ig a te  th e  t r a n s ­
fo rm atio n s  shown in  F ig u re  29 j f o r  any su rfa c e  sh e a r  e f f e c t s .  T h is  was 
a ttem p ted  but w ithou t any co n c lu s iv e  ev idence be in g  o b ta in e d , due to  th e  
d i f f i c u l t i e s  in v o lv ed  in  o b ta in in g  an uncohtam inated  p re p o lish e d  su rfa c e  
u s in g  i d e n t i c a l  quenching r a t e s .  From l i t e r a t u r e ,  however, th e  use of 
s u rfa c e  sh e a r  as  th e  s o le  c r i t e r i o n  between a m a r te n s i t ic  and n o n -m a rte n s itic  
tra n s fo rm a tio n  i s  in  f a c t  d o u b tfu l . H onm a^^^ has shown th a t  banded 
su rfa c e  sh e a r  e f f e c t s  can be o b ta in e d  which a re  n o t r e l a t e d  to  th e  bu lk  
tra n s fo rm a tio n , w h ile  Wayman j has p o in te d  ou t th a t  w orkers in v e s t ig a t in g  
tra n s fo rm a tio n s  u sin g  th in  f o i l s  ,may be in  f a c t  o b serv in g  a  pure  su r fa c e  
phenomenon. I t  would th u s  appear th a t  u n le ss  s u rfa c e  sh e a r  e f f e c t s  a re  
r e la te d  to  an u n d e rly in g  m ic ro s tru c tu re , i n t e r p r e t a t i o n  can be open to  
q u e s tio n .
The pure  iro n s  e x h ib i t in g  th e  change in  p roduct morphology in  t h i s  
work were o s te n s ib ly  f r e e  from i n t e r s t i t i a l  carbon and n i t ro g e n , s in c e  no 
Snoek peaks were o b ta in e d  in  the  p u r i f ie d  equiaxed  f e r r i t e .  Subsequent 
quenching from th e  y  re g io n  produced a Snoek peak re p re s e n ta t iv e  o f  a  
n itro g e n  le v e l  o f 6-9  p .p .m ., and t h i s  must be h e ld  re s p o n s ib le  f o r  th e
change in  tra n s fo rm a tio n  p ro d u c t produced, w ith  only  th e  r e l a t i v e l y  sm all 
change in  quenching r a t e ,  which i s  in  agreem ent w ith  th e  r e s u l t s  o f  Bibby 
and P a r r (15Zf).
That n itro g e n  in  q u a n t i t i e s  i s  e f f e c t iv e  in  p roducing  a
change in  tra n s fo rm a tio n  p ro d u c t, i s  w idely  re co g n ised  and i s  s u b s ta n t ia te d  
by th e  r e s u l t s  on th e  i r o n - 0 .02.5% n itro g e n  a llo y s*  where th e  c h a r a c t e r i s t i c  
m assive m a rte n s ite  s t r u c tu r e s  were o b ta in e d . A gain, i t  was found 
im p o ssib le  to  o b ta in  co n c lu s iv e  su rfa c e  sh e a r  r e s u l t s .
C ry s ta llo g ra p h ic  d a ta  on the  d i f f e r e n t  ty p e s  o f  s t r u c tu r e ,  showed a
b a s ic  body c e n tre d  cube and th a t  l i n e  b roaden ing  o ccu rred  in  th e  i r o n -
0.025% n itro g e n  watey quenched a l lo j s , ' b u t n o t i n  w a ter quenched pure  . i r o n s •
S im ila r  o b se rv a tio n s  o f  th e  cub ic  n a tu re  o f  th e  tra n s fo rm a tio n  p ro d u c ts  o f
(131)low i n t e r s t i t i a l  i ro n -n i t ro g e n  a l lo y s  have a lre a d y  been made and th e
in fe re n c e  from the  l in e  b roaden ing  i s  th a t  th e  m assive m a rte n s i te  t r a n s ­
fo rm atio n  produces a  c e r ta in  degree o f  l a t t i c e  d i s to r t i o n .
I t  would appear th e n  th a t  th e re  i s  a  d i s t i n c t  d if f e re n c e  between 
an i r r e g u la r  f e r r i t e  s t r u c tu r e  and th a t  of a  m assive m a r te n s i te .  Some o f  
th e  c o n f l ic t in g  r e s u l t s  on pure i ro n  may be due to  a  la c k  o f  c o n tro l  o f 
i n t e r s t i t i a l  c o n te n t o r a  d if f e re n c e  in  p roduct nom enclatu re , due to  th e  
d i f f e r e n t  ways dfl a s s e s s in g  th e  tra n s fo rm a tio n . E x is t in g  co ncep ts  
in d ic a te  t h a t  i r r e g u la r  f e r r i t e  i s  formed by a  s h o r t  range d i f f u s io n  p ro cess  
in v o lv in g  th e  movement o f  a  h ig h  energy in te r f a c e  * and t h a t  th e  m assive
m a rte n s ite  tra n s fo rm a tio n  i s  a s s o c ia te d  w ith  a  sem i-coheren t type  o f 
n u c le a tio n  and a  grow th mechanism in v o lv in g  sh e a r  and secondary  s l ip #
8 .2 .  DAMPING IN PURE IRON
A fe a tu re  concern ing  th e  v a l id i ty  o f  th e  Snoek peak in  a s s e s s in g  
th e  n itro g e n  co n ten t o f  a m aterial* was r e f l e c te d  by the  t r a n s i t i o n  in  
s t r u c tu r e  from equiaxed  f e r r i t e  to  i r r e g u l a r  f e r r i t e .  The b a s ic  s t a r t i n g  
m a te r ia l ,  a  p u r i f i e d  equiaxed f e r r i t e ,  showed no n itro g e n  o r  carbon peak , 
in f e r r in g  an absence o f  i n t e r s t i t i a l s .  However, when th e  s t r u c tu r e  was 
changed to  i r r e g u la r  f e r r i t e  by h e a tin g  in to  th e  y  re g io n  and w ater quenching, 
a  d i s t i n c t  peak was observ ed , F ig u re  33 • This peak was a s s o c ia te d  w ith  
n i t ro g e n , hav ing  th e  same peak te m p e ra tu re , d e s p ite  a  low er a c t iv a t io n  
energy , and i c  i s  very  d i f f i c u l t  to  a s s o c ia te  i t  w ith  a p ick -u p  o f  n itro g e n  
from th e  fu rn ace  a tm osphere, s in c e  th ey  were h e a te d  in  e i t h e r  hydrogen o r 
a rg o n jp lu s  hydrogen, and th e  w orst e s tim a te  o f atm osphere p u r i ty  was on ly  
0.05%. I f  th e  whole o f  t h i s  im p u rity  c o n ten t was assumed to  be n i tro g e n , 
th en  in c re a s in g  th e  im p u rity  l e v e l  by an o rd e r ,  would on ly  produce an 
e q u ilib riu m  p ick -u p  o f  l e s s  th an  2 p .p .m .
The peak must th en  be a s s o c ia te d  w ith  a  r e s id u a l  n itro g e n  c o n ten t 
in h e re n t in  th e  equiaxed  fe rr i te *  bu t p rec lu d ed  from producing  a Snoek peak 
th rough  a  lo c k in g  mechanism. T h is  b eh av iou r can be e x p la in ed  i f  one assumes 
t h a t ,  a t  th e  p u r i f i c a t io n  tem p era tu re  o f 730°C, th e re  i s  an e q u ilib riu m
d i s t r ib u t io n  o f i n t e r s t i t i a l s  between o c ta h e d ra l s i t e s  and in h e re n t tra p p in g  
s i t e s ,  such as d is lo c a t io n s  o r  g ra in  boundaries*  The n itro g e n  in  f re e  
s o l id  s o lu t io n  w i l l  then  be e a s ie r  to  remove th a n  th a t  which i s  lo ck ed , 
le a v in g  a t  th e  end o f  th e  p u r i f i c a t io n  tre a tm e n t a low r e s id u a l  n i tro g e n  
c o n te n t . On h e a tin g  to  th e  y  re g io n , th e se  n i tro g e n  atoms w i l l  be 
r e d i s t r ib u te d  due to  th e  fo rm ation  o f  new g ra in s  and th e  s e g re g a tio n  to  
tra p p in g  s i t e s  w i l l  be reduced due to  th e  h ig h e r  th e rm a l energy o f  th e  atom s. 
On quenching , th e r e f o r e ,  a  sm all n itro g e n  peak r e s u l t s  and th e  d if f e r e n c e  in  
th e  peak h e ig h ts ,  shown in  F ig u re  33s can be e x p la in ed  in  term s o f  th e  non- 
uniform  quenching e f f e c t s .
T his h y p o th e s is  o f  a  re d u c tio n  in  s e g re g a tio n  o f  i n t e r s t i t i a l s  to  
g ra in  b o u n d aries  by in c re a s in g  tem p era tu re  and by th e  t r a n s i t i o n  from a to  y  
i r o n  i s  in  agreem ent w ith  th e  su rfa c e  energy  experim ents o f  H o n d ro s ^ ^ ^  in  
iro n -p h o sp h o ru s  a l lo y s .  Working in  th e  S re g io n , Hondros found th a t  on 
c o o lin g ^ th e re  was an in c re a s in g  s e g re g a tio n  o f phosphorus to  g ra in  boundar­
i e s  and th a t  th e  t r a n s i t i o n  from & to  y  produced a  marked drop in  th e  
phosphorus c o n ten t a t  g ra in  b o u n d a rie s . C a lc u la tio n s  fo r  i ro n - n i t ro g e n  
a l l o y s ^ ^ \  showed a  s im i la r  in c re a s e  i n  s e g re g a tio n  w ith  d e c rea s in g  
tem p era tu re  and th a t  th e  b in d in g  energy o f a  n itro g e n  atom to  a  g ra in  
boundary i s  1.1 eVj. su g g es tin g  th a t  a t  730°C t h e r e , i s  ro u g h ly  a  3*2 r a t i o  
o f n i tro g e n  a t  g ra in  b o u n d aries  to  n itro g e n  a t  d is lo c a t io n s .  F u r th e r  
ev idence o f  th e  in f lu e n c e  o f  g ra in  boundary a re a  on th e  Snoek peak was
171.
shown by L agerberg and J o s e f f s o n ^ ^ \  when they  found th a t  a f in e  g ra in e d  
m a te r ia l  had a  low er peak th an  th a t  o f a co arse  g ra in e d  sam ple.
The p resen ce  o f  some r e s id u a l  n i tro g e n  in  th e  equ iaxed  f e r r i t e
was confirm ed by th e  y ie ld  d is c o n t in u i ty  in  a  quenched specim en and a  h ig h e r
and more pronounced y ie ld  p o in t in  a fu rn ace  coo led  sam ple, F ig u re  Vl«
The d i s to r t i o n  th a r  i s  a s s o c ia te d  w ith  the  tra n s fo rm a tio n  to  i r r e g u la r
f e r r i t e  i s  shown by th e  absence o f  a  y ie ld  p o in t ,  w hile th e  t r a n s i t i o n  to
m assive m a r te n s i te  in tro d u c e s  even h ig h e r  s t r a i n s ,  w ith  a  r e s u l t in g  in c re a s e
in  s t r e n g th  and re d u c tio n  in  d u c t i l i t y .  >
T his l a t t i c e  d i s to r t i o n  i s  re sp o n s ib le  fo r  th e  very  b road
Snoek peak found in  th e  i r r e g u la r  f e r r i te - m a s s iv e  m a rte n s i te  s tru c tu re ,w h ic h
i s  sym ptom atic o f  a  sp read  in  r e la x a t io n  tim e s . I t  i s  f u r th e r  c o rro b o ra te d
by th e  d i s t i n c t  K d ster peak (F ig u re  36 ) ,  which in d i r e c t l y  confirm s th e
p resence  o f  a  sm a ll i n t e r s t i t i a l  c o n te n t ,s in c e  th e  quenched peak i s
a s s o c ia te d  w ith  an i n t e r s t i t i a l - d i s l o c a t i o n  mechanism. The e f f e c t  o f
h o ld in g  a t  550°C fo r  10 m inutes caused  th e  peak to  drop by 50$ , and t h i s
can be e x p la in ed  in  term s o f  a  d ecrease  in  d is lo c a t io n  d e n s i ty  due to  a
recovery  p ro c e ss  in v o lv in g  a n n ih i la t io n  «* rea rran g em en t. The quenched
peak r e s u l t in g  from th e  Y ~ oc tra n s fo rm a tio n  i s  compared w ith  th e  curve
o b ta in ed  from a  quenched equiaxed  f e r r i t e  in  F ig u re  37 * The r e s u l t s  show
a v i r t u a l  absence o f any quenched peak in  the  equiaxed  f e r r i t e .  I t  i ^
u n lik e ly  th a t  th e  sm all in f le x io n  in  th e  curve cou ld  be due to  quenching
( i f )
s t r e s s e s ,  s in c e  i t  can be shown from the  th e o ry  o f  th e rm a l s t r e s s e s  t h a t ,
fo r  w ires  o f t h i s  d iam e te r , a  quenching r a te  o f  600,000°C /sec . would have 
to  be exceeded b e fo re  quenching s t r e s s e s  could  be produced . S ince t h i s  
quenching r a t e  i s  two o rd e rs  o f m agnitude g r e a te r  th an  any quenching r a te  
ach ieved  in  t h i s  work, i t  i s  reaso n ab le  to  assume th a t  any s t r a i n  i s  th e  
d i r e c t  r e s u l t  o f  th e  y  -  a tran sfo rm a tio n *
C onsidering  now the  damping o f  th e  pure  i r o n  in  th e  equiaxed  s t a t e ,
i t  i s  a t  p re s e n t accep ted  th a t  the  o p e ra tiv e  mechanism fo r  energy  d is s ip a t io n
i s  t h a t  o f  th e  damped m otion o f d is lo c a t io n  lo o p s . This would ag ree  w ith
th e  e f f e c t iv e  am plitude  independence o f th e  background damping in  th e  range
—5o f s t r a i n  am plitude o f 2 -  7 x 10 (F ig u re  2*f). The e f f e c t  o f  co ld  work 
would th e n  be to  move d is lo c a t io n s  away from p in n in g  p o in ts ,  r e s u l t in g  in  
th e  lo n g e r loop  le n g th s  th a t  g iv e  r i s e  to  th e  c h a r a c te r i s t i c  in c re a s e  in  
damping. A lthough i t  was n o t p o s s ib le  to  confirm  w hether th e  i n i t i a l  
damping fo llo w in g  c o ld  work was am plitude  independen t o r  n o t ,  due to  the  
v e ry  ra p id  d ec rease  in  damping fo llo w in g  s t r a i n ,  m easurements o f damping a t  
60$ recovery  showed no am plitude  dependence. Thus, i t  i s  re a so n ab le  to  
assume th a t  th e  damping im m ediately  a f t e r  s t r a i n  was am plitude  independen t 
a l s o .
The r e s u l t s  o f th e  in c re a s e  in  damping fo llo w in g  co ld  work, T ables 
10 and 11, show th a t  i t  i s  independent o f  tem p e ra tu re , im p ly ing  th a t  th e  
tem p era tu re  dependence o f  p in n in g  i s  n e g l ig ib le  w ith in  t h i s  l im ite d  
tem p era tu re  ra n g e . The in c re a s e  in  damping fo llo w in g  2-J$ and 5$ s t r a i n
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i n  equiaxed  f e r r i t e  was 46-48 x 10 and 82-87 x 10 r e s p e c t iv e ly ,  and th e
p ro p o r t io n a te ly  sm a lle r  increm ent fo r  th e  3% s t r a i n  su g g es ts  th a t, a s  th e
e f f e c t iv e  d is ta n c e  between d is lo c a t io n s  i s  reduced  by an in c re a s e  in
d is lo c a t io n  d e n s i ty , the  e f f e c t iv e  d is lo c a t io n  movement becomes p ro g re s s iv e ly
r e s t r i c t e d  due to  i n t e r a c t io n .  I t  would th e n  be re a so n a b le  to  assume th a t
i f  a  s t r u c tu r e  had an in h e re n t h ig h  d is lo c a t io n  d e n s ity , th en  th e  in c re a s e  in
damping due to  a  s im i la r  increm ent o f  s t r a i n ,  would be s m a lle r . This was in
f a c t  observed  in  th e  e f f e c t  o f th e  2 s t r a i n  on th e  aowpawg o f i r r e g u la r
-4fe r r i te ,w h e n  an in c re a s e  in  damping o f on ly  34-36 x 10 was o b ta in e d .
The recovery  p ro c e ss  fo r  up to  95$ reco v ery  can be ex p ressed  by an 
eq u atio n  o f  th e  type P = exp ( -  B tn ) where P i s  th e  recovery  param eter and 
n v a r ie s  between 0 .3  and 0 .4 5 , and th u s  a  s in g le  mechanism fo r  reco v ery  i s  
im p lied . The k in e t i c s  o f  recovery  fo r  i r r e g u l a r  f e r r i t e  was com plicated  
by a c o n tr ib u t io n  from th e  Snoek n itro g e n  peak and th e  reco v ery  c u rv e s ,
F igu re  48, were d iv id ed  in to  two components in v o lv in g  d is lo c a t io n  damping, 
analogous to  equiaxed  f e r r i t e  and a  component produced by th e  Snoek 
r e la x a t io n  p ro c e s s . I t  was found th a t  th e  reco v ery  o f  damping in v o lv in g  
only th e  d is lo c a t io n  component could  be s u c c e s s fu l ly  f i t t e d  in to  th e  above 
equation  where th e  exponent n , was 0 . 15.
In  o rd e r  to  d e riv e  an a c t iv a t io n  energy  fo r  th e  reco v ery  mechanism, 
an A rrhen ius tem p era tu re  dependence was assumed and th u s  a  knowledge o f th e  
time ( t )  tak en  to  re a c h  a  c e r t a in  s ta g e  in  th e  reco v ery  p ro c e ss  a t
d i f f e r e n t  te m p e ra tu re s ,en ab les  th e  a c t iv a t io n  energy (Q) to  be c a lc u la te d  
from th e  fo llow ing  eq u a tio n
lo g et  = I  ( j )   (37)
The tim es tak en  to  reach  50$ and 75$ o f  th e  re c o v e ra b le  damping fo r  
an equiaxed  f e r r i t e  a re  g iven  in  Appendix 23 &nd p lo t te d  in  F ig u re  71* In  
o rd e r  to  o b ta in  com parable r e s u l t s  fo r  th e  i r r e g u la r  f e r r i t e  , i t  was 
n e ce ssa ry  to  c o n s id e r  only  th e  p e r io d  o f  d is lo c a t io n  damping. S ince th e  
e x te n t o f  t h i s  was in c re a s in g ly  r e s t r i c t e d  fo r  reco v ery  a t  45°C and 33°0 
r e s p e c t iv e ly ,  the  tim es tak en  to  reach  kQP/o and 50$ o f th e  re c o v e ra b le  
damping were u sed . These tim es a re  a lso  shown i n  Appendix 23 and p lo t te d  
in  F ig u re  71•
I t  can be seen  th a t  th e  a c t iv a t io n  energy f o r  th e  recovery  
mechanism o f  t r a n s ie n t  damping has a  v a lu e  between 8 .5  and 10 .5  K c a ls /m o l., 
and th a t  th e re  i s  no s ig n i f i c a n t  d if f e r e n c e  between reco v ery  in  equiaxed  
f e r r i t e  and i r r e g u la r  f e r r i t e .  An e s tim a te d  e r r o r  i n  th e  v a lu e  o f 
a c t iv a t io n  energy o f  +0.8  K cals i s  d e riv e d  on th e  b a s is  o f a  cum ulative 
e r r o r  from th e  reco v ery  c u rv e s .
The mechanism fo r  reco v ery  can be v is u a l iz e d  in  term s o f  th e  
re d u c tio n  i n  loop  le n g th  o f  o s c i l l a t i n g  d is lo c a t io n  segm ents by e i t h e r  
rearrangem ent o r a n n ih i la t io n  o r by th e  re p in n in g  o f  d is lo c a t io n s  by p o in t 
d e fe c ts .
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FIG 71 ACTIVATION ENERGY FOR THE RECOVERY O F  TRANSIENT
DAM PING
I t  would seem th e re fo re  th at ,  s in c e  th e se  pure  i ro n s  have been
shown to  c o n ta in  a sm all amount o f  n i t ro g e n , re p in n in g  by d if f u s io n  o f
n itro g e n  atoms to  d is lo c a t io n s  would be a  lo g ic a l  recovery  mechanism*
However, th e  low a c t iv a t io n  energy o f  th e  p ro ce ss- which i s  h a l f  th a t  fo r
n itro g e n  d i f f u s io n ,  would seem to  p rec lu d e  t h i s  p o s s i b i l i t y  d e s p ite  th e
( )co n c lu s io n s  o f  Sw artz , who suggested  t h a t  i n t e r s t i t i a l  carbon was 
re sp o n s ib le  fo r  th e  recovery  mechanism. S ince th e  y -  a  tra n s fo rm a tio n  
produces sev e re  l a t t i c e  d i s to r t i o n  th e n  i t  m ight be p o s s ib le  fo r  some o f th e  
v acan c ies  produced by the  tra n s fo rm a tio n  to  cause th e  re p in n in g  e f fe c t*  
However, th e  s im u ltaneous p ro d u c tio n  o f  a  h ig h  d is lo c a t io n  d e n s ity  and th e  
f a c t  th a t  th e  y -  a tra n s fo rm a tio n  ta k e s  p la c e  a t  a  h ig h  te m p e ra tu re ,would 
in f e r  a  h ig h  m o b ility  o f th e se  v acan c ies  and th e  la rg e  number o f  d is lo c a t io n s  
would th en  o f f e r  a t t r a c t i v e  s i t e s  fo r  vacancy a n n ih i la t io n .  The e x is te n c e  
o f a  s ig n i f ic a n t  excess c o n c e n tra tio n  o f  v acan c ie s  a t  room tem p era tu re  i s  
th e re fo re  u n l ik e ly  and a  recovery  mechanism in v o lv in g  t h i s  type  o f  p o in t 
d e fe c t would a ls o  be expected  to  show r e s u l t s  p e c u l ia r  to  th e  i r r e g u la r  
f e r r i t e ,  whereas no s ig n i f ic a n t  d if f e re n c e  was observed .
A reco v ery  mechanism in v o lv in g  a n n ih i la t io n  would seem u n lik e ly  on
th e  b a s is  o f  th e  r e s u l t s  o b ta in e d  from s t r a in in g  a  w ire  in  one o r  two
s ta g e s .  The r e s u l t s ,  F ig u re  72, show th a t  s t r a in in g  a w ire  2 /^o produce
-A
an i n i t i a l  in c re a s e  in  damping o f ^  x 10 and th a t  s t r a in in g  a n o th e r 
w ire 5% produces an i n i t i a l  in c re a s e  o f  o f^ x 10 , showing th e  e f f e c t  o f
d is lo c a t io n  in te r a c t io n .  I f  th e  w ire  s t r a in e d  2 /^o i s  a llow ed  to  f u l l y
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re c o v e r and th en  s t r a in e d  a  f u r th e r  2 |$ } an i n i t i a l  in c re a s e  in  damping 
s im ila r  to  th e  w ire s t r a in e d  3% i s  produced. I t  can th e re fo re  be concluded 
th a t  th e  d is lo c a t io n  d e n s ity  a t  th e  end o f  recovery  i s  s im ila r  to., t h a t ,  
im m ediately  a f t e r  the  f i r s t  s t r a i n .
A p o s s ib le  mechanism o f  reco v ery  can th u s  be v is u a l iz e d  in  term s 
o f  a  rearrangem ent o f d is lo c a t io n s  in  an analogous way to  th e  re c o v e ry .o f  
s t r a i n  in  th e  e l a s t i c  a f t e r - e f f e c t .  The f a c t  th a t  th e  r e l a t i v e  tim es  fo r  
reco v ery  a re  s im i la r ,  would ten d  to  su p p o rt t h i s  h y p o th e s is . I t  i s ,  
however, obvious th a t  th e se  r e s u l t s  a re  no t co n c lu s iv e  in  th a t  they  do n o t 
exclude the  p o s s ib i l i t y  o f re p in n in g  by p o in t d e fe c ts ,  and some f u r th e r  
work in v o lv in g  th e  d i r e c t  o b se rv a tio n  o f s t r a in e d  th in  f ilm s  would seem to  
be n e c e ssa ry .
8 .3 .  THE SNOEK PEAK IN A QUENCHED AND TEMPERED IEQN -  0.023% NITROGEN
ALLOY
The r e s u l t s  comparing th e  h e ig h t o f th e  n itro g e n  peak in  m assive
38
m a rte n s i te  and tem pered m assive (F ig u re  j^ &) show th a t  a  15% in c re a s e  in  peak 
h e ig h t i s  produced by the  tem pering t re a tm e n t.  The low er peak h e ig h t in  
th e  quenched m a te r ia l  can be ex p la in ed  in  term s o f  a  tra p p in g  mechanism 
o c c u rr in g  during  quenching, in v o lv in g  d is lo c a t io n s  g e n e ra te d  d u rin g  the  
tra n s fo rm a tio n . The e f f e c t  o f tem pering t h i s  s t r u c tu r e  i s  to  reduce th e  
d is lo c a t io n  d e n s ity  and to  r e d i s t r i b u t e  th e  i n t e r s t i t i a l s  such th a t  an 
in c re a se  i n  peak h e ig h t  i s  produced. The re c e n t work by W riedt and
(162)Darken , in  which they  showed th a t  a  co ld  worked s t e e l  had a g r e a te r  
c a p a c ity  fo r  n itro g e n  th a n  a r e c r y s t a l l i z e d  s t e e l ,  su g g es tin g  p r e f e r e n t i a l  
tra p p in g  s i t e s  a s  b e in g  e i t h e r  screw  d is lo c a t io n s  o r  m ic ro -c rack s  o r  edge 
d is lo c a t io n s ,  ten d s  to  su p p o rt t h i s  h y p o th e s is .
A s im ila r  o b se rv a tio n  o f an in c re a s e  i n  peak h e ig h t a f t e r  tem pering
quenched i ro n - n ic k e l  a l lo y s  c o n ta in in g  low le v e ls  o f  carbon , was made by
Jackson  and W in c h e l l^ ^ ''^ , and they  su g g es ted  th a t  b e s id e s  th e  p o s s i b i l i t y
o f i n t e r s t i t i a l  t r a p p in g , quenching s t r a i n s  o r  t e t r a g o n a l i ty  could
reduce the  m o b ility  o f  th e  i n t e r s t i t i a l  ca rb o n . However, i t  has a lre a d y
been shown th a t  quenching s t r a i n s  a re  in s ig n i f i c a n t  and th a t  w ith  th e  very
sm all carbon c o n ten t o f th e i r  a l lo y s ,  th e  degree o f  te t r a g o n a l i ty  produced
would n o t r e s t r i c t  carbon movement. I t  th u s  seems th a t  a  lo c k in g  mechanism
a s s o c ia te d  w ith  th e  h ig h  d is lo c a t io n  d e n s ity  t h a t  has been observed  in
(131 1A8)th e se  m assive p la te s  ’ , i s  th e  most l i k e ly  e x p lan a tio n  o f th e  low
peak h e ig h t .
The h e ig h t o f th e  peak produced by tem pering  i s  i n  good agreem ent 
w ith  th e  p re v io u s ly  re p o r te d  p r o p o r t io n a l i ty  c o n s ta n ts  between peak h e ig h t 
and n itro g e n  c o n ten t in  equ iaxed  f e r r i t e :  th u s ,  d e s p ite  th e  d i f f e r e n t
morphology, th e  tem pered m assive shou ld  r e f l e c t  th e  p h y s ic a l c h a r a c t e r i s t i c s  
o f a  n i t r i d e d  a lp h a  i r o n .  The e f f e c t  o f  adding hydrogen to  th e  
tem pering  a tm o sp h ere ,to  o b v ia te  s u rfa c e  o x id a tio n ,h a d  th e  e f f e c t  o f  a 
d r a s t ic  re d u c tio n  in  peak h e ig h t which was p ro p o r t io n a l  b o th  to  th e  p a r t i a l  
p re ssu re  o f  th e  hydrogen and to  th e  e x te n t o f  quench ageing  p r io r  to  th e
tem pering  p ro c e ss . That t h i s  drop in  peak h e ig h t was due to  a  d e n i t r id in g  
e f f e c t  was confirm ed by chem ical a n a ly s is  and th e  r e s u l t s , comparing peak 
h e ig h t w ith  a n a ly s is  d a ta ,a r e  shown in  Table 13. A f u r th e r  column shoeing  
an in d ic a te d  n itro g e n  c o n te n t d e riv ed  from th e  i n t e r n a l  f r i c t i o n  peak h e ig h t ,  
u s in g  a p r o p o r t io n a l i ty  c o n s ta n t o f  0.A 1, i s  a lso  shown.
TABLE 13
The d e n i t r id in g  e f f e c t  o f  10% h y d ro g en -n itro g en  
tem pering  atm osphere.
Heat Treatm ent I n te r n a l  f r i c t i o n  
S max x 10^
A n aly sis
ppm
In d ic a te d
ppm
1 . W.Q. from 950°C 581 261 237
2 . S p ec .1 tem pered a t  550°C 
fo r  10 min. in  pure 629 258 258
3* S p e c .l  tem pered a t  550°C 
f o r  10 min. in  + 10% 293 163 120
4 . S p ec .3 re h e a te d  a t  550°C 
f o r  10 min. in  pure 380 161 156
The ta b le  shows th a t  th e  e f f e c t  o f re h e a tin g  a d e n i t r id e d  w i r e , i s  
to  produce an in c re a s e  i n  peak h e ig h t which co rresponds to  an e f f e c t iv e  
in c re a s e  i n  n itro g e n  c o n ten t o f  36 p .p .m . I t  has a lre a d y  been shown th a t  
an in c re a s e  in  peak h e ig h t o f  t h i s  o rd e r  cannot be o b ta in e d  in  th e  f e r r i t e  
re g io n  arid,.Fast and V e r r i j p ^ ^ ,  who found a  s im i la r  e f f e c t ,  su g g es t t h a t  
th e  in c re a s e  i s  due to  a  r e d i s t r i b u t io n  o f n itro g e n  atoms from th e  c e n tre
to  th e  d e n i t r id e d  la y e r  a t  th e  s u r fa c e .  This then  im p lie s  th a t  th e  
n itro g e n  atoms n e a r  th e  s u rfa c e  have a g r e a te r  e f f e c t  th an  th o se  a t  th e  . 
c e n tre  and su g g es ts  an am plitude dependence o f  th e  Snoek peak . Thus, by 
d ecreasin g  the  su rfa c e  s t r a i n  a  re d u c tio n  i n  peak h e ig h t should  r e s u l t ,  but 
t h i s  has no t been found e x p e r im e n ta lly , and i s  a t  v a ria n ce  w ith  th e  Snoek 
th e o ry .
One must th en  e x p la in  the  low er peak h e ig h t o f  th e  specim en 
tem pered in  hydrogen, i n  term s o f a  lo c k in g  o f  n itro g e n  atoms-. and one ih ig h t 
su g g es t th a t  a  p ro p o r tio n  o f th e  atoms th a t  a re  t i g h t l y  bound as  a  r e s u l t  
o f th e  quenching tre a tm e n t, were s t i l l  locked  a f t e r  tem pering and th a t  i t  
needed a f u r th e r  te n  m inute tem per to  re le a se th e m . T h is , however, i s  n o t 
v a l id ,  s in c e  i t  has been shown th a t  a  te n  m inute tem per i n  pure  n itro g e n  i s  
s u f f i c i e n t  to  r e d i s t r i b u t e  a l l  locked  n itro g e n  atoms in to  f r e e  s o l id  
s o lu t io n .  T his assumed ' t h a t  th e  peak h e ig h t a t  th e  end o f th e  te n  m inute 
tem per r e f l e c te d  th e  f u l l  f r e e  i n t e r s t i t i a l  c o n te n t , and was 
c o rro b o ra te d  by th e  f a c t  t h a t  a  lo n g e r tem pering  p e rio d  d id  no t produce any 
in c re a s e  in  peak h e ig h t .
I t  i s  p o s s ib le ,  th e n , t h a t  d is so lv e d  hydrogen p la y s  some ro le  in  
reducing  th e  a c t i v i t y  o f  th e  n i tro g e n  atoms by e i t h e r  occupying te t r a h e d r a l  
s i t e s  a d ja c e n t to  th e  n itro g e n  atom s, o r  by m o lecu lar hydrogen producing  
l a t t i c e  s t r a i n s  red u c in g  o c ta h e d ra l  n itro g e n  m o b il i ty .  The f a c t  t h a t  
d e n i t r id e d  w ires  were s in g u la r ly  d u c t i le  te n d s  to  in v a l id a te  a  m acroscopic 
s t r a i n  h y p o th e s is  and i t  would appear th a t  a  d i r e c t  h y d ro g en -n itro g en
i n t e r a c t io n  might be th e  cau se . The r e s u l t  o f  th e  f u r th e r  tem pering 
tre a tm e n t in  pure  n i tro g e n  would th en  a llow  th e  hydrogen to  d i f f u s e  o u t,w ith  
th e  r e s u l ta n t  in c re a s e  in  peak h e ig h t .  S ince hydrogen i s  mobile a t  room 
te m p e ra tu re , one would a lso  expec t a  g ra d u a l r i s e  in  peak h e ig h t due to  
e v o lu tio n , b u t t h i s  would be o f f s e t  by a g ra d u a l drop in  peak h e ig h t due 
to  th e  norm al quench ageing  phenomena and th u s  th e  two e f f e c t s  a re  r e l a t e d .  
An a ttem p t to  o b ta in  any s ig n i f i c a n t  d if f e re n c e  in  r e s id u a l  hydrogen co n ten t 
by a n a ly s is  betweeh th e  two m a te r ia ls  tem pered w ith  o r  w ithou t hydrogen, 
was a lso  in c o n c lu s iv e .
I t  was a ls o  observed  t h a t ,  b e s id e s  th e  d ram atic  d e n i t r id in g  e f f e c t  
o f a  10% h y d ro g en -n itro g en  tem pering a tm osphere , a tm ospheres o f  low er 
hydrogen p a r t i a l  p re s su re  a ls o  caused  d e n i t r id in g ,  and th a t  t h e i r  d e n i t r id in g  
c a p a c ity  was dependent on th e  degree o f  p r io r  quench ag e in g , F ig u re  40.
T h is l a t t e r  f a c t  must be due to  th e  e x te n t o f atm osphere fo rm a tio n , and 
su g g es ts  th e  in c re a s in g  d i f f i c u l t y  o f atom ic n itro g e n  d if f u s io n  when 
a s s o c ia te d  a s  c l u s t e r s ,  th an  when in  f r e e  s o l id  s o lu t io n .  D e n itr id in g  
can th u s  be v is u a l iz e d  in  term s o f a  r e s o lu t io n  o f  a tm ospheres o r 
p re c ip i ta te s ,f o l lo w e d  by d i f f u s io n  to  th e  s u r fa c e  where r e a c t io n  w ith  
hydrogen ta k e s  p la c e .
A lthough t h i s  problem  was ex trem ely  i n t e r e s t i n g ,  th e  number o f  
in te rd e p en d e n t v a r ia b le s  was la rg e ,  and s in c e  i t  was n o t d i r e c t l y  connected  
w ith  th e  main to p ic  o f th e  re s e a rc h  programme,., f u r th e r  in v e s t ig a t io n  was 
no t made•
185.
8 Am QUENCH AGEING
—**- - -  ---
The in v e s t ig a t io n  o f  th e  quench ageing  c h a r a c t e r i s t i c s  o f m assive 
m a r te n s i te  and tem pered m assive showed th a t  th e  m assive m a rte n s i te  aged a t  
a  r a t e  which i s  th re e  to  f iv e  tim es f a s t e r  th an  th e  tem pered m assive .
S ince  th e  rem oval o f n itro g e n  from s o l id  s o lu t io n  and th e  fo rm atio n  o f 
p r e c ip i t a t e s  i s  a s s o c ia te d  w ith  th e  d i f f u s io n  o f  n i tro g e n  to  l a t t i c e  
d e f e c ts ,  th e  h y p o th e s is  th a t  th e  y -  a  tra n s fo rm a tio n  produces a  la rg e  
number o f  d e fe c ts  and th a t  th e  d e n s ity  o f  th e se  i s  low ered by th e  tem pering 
p ro c e s s , would appear to  be v a l id .
I t  i s  reaso n ab le  to  suppose th a t  th e  d e fe c ts  produced would be 
d i s lo c a t io n s ,  a lth o u g h  re c e n t work on i r r a d i a t e d  i r o n ^ ^ ^  has shown th a t  
a  s im i la r ly  enhanced d if f u s io n  r a t e  was produced by th e  excess vacancy concen­
t r a t i o n  in h e ra n t 'a f t e r  i r r a d i a t i o n .  ■ The e x is te n c e  o f  an ex cess  vacancy con­
c e n tr a t io n  b e in g  r e ta in e d  a t  room tem p era tu re  i n  t h i s  work i s  u n l ik e ly ,s in c e  
th e  tem p era tu re  o f  th e  y -  a  tra n s fo rm a tio n  i s  co m p ara tiv e ly  h ig h  and th e  
r e s u l t a n t  h ig h  m o b ility  o f v a c a n c ie s , to g e th e r  w ith  the  h igh  d is lo c a t io n  
d e n s ity  produced by th e  tra n s fo rm a tio n , shou ld  r e s u l t  in  a n n ih i la t io n .
I t  may, th e r e f o r e ,  be deduced th a t  th e  enhanced d i f f u s io n  r a t e  can be 
a t t r i b u t e d  to  th e  in h e ra n t h igh  d is lo c a t io n  d e n s ity  in  th e  m assive 
m a r te n s i te .
The a c t iv a t io n  energy fo r  th e  quench ageing  p ro c e ss  was d e riv ed  
assuming an A rrh en iu s  type tem p era tu re  dependence fo r  th e  ageing  mechanism
(e q u a tio n  37)* The tim es tak en  to  reach  23%, 5®% and 73% o f th e  p ro cess
a re  g iven  in  Appendix 2k and th e  r e s u l t s  p lo t te d  in  F ig u re  73« The r e s u l t s
show th a t  th e  a c t iv a t io n  energy f o r  th e  quench ageing  p ro ce ss  i s  ^ k ^  + 3 .3
K cals/m ol. in  m assive m a rte n s i te  and 13*'1 + 1*1 K cals/m ol. in  tem pered
m assive . T his i s  s l i g h t l y  low er th an  th e  18 K cals/m o l. reco rd ed  by Thomas 
( 118)and Leak fo r  quench ageing  and s t r a i n  ageing  o f  an i r o n  -  0.013%
n itro g e n  a l l o y ,n i t r i d e d  in  th e  a  re g io n . I t  i s  su g g ested  th a t  th e  low er 
v a lu e  o b ta in e d  in  t h i s  work i s  due to  a  s l i g h t  t e t r a g o n a l i ty  produced by the  
Y ** a  tra n s fo rm a tio n  and th e  l in e  broaden ing  found in  X -ray photographs 
ten d s  to  Support t h i s  h y p o th e s is . The degree o f l a t t i c e  d i s to r t io n  must 
be sm all and i f  th e  i n t e r s t i t i a l  c o n te n t was in c re a s e d  to  th e  e x te n t where 
a  change in  s t r u c tu r e  from m assive m a r te n s i te  to  a te t r a g o n a l  a c ic u la r  
m a rte n s i te  r e s u l te d ,  th en  an in c re a s e  i n  a c t iv a t io n  energy, would be 
expected  from a  re d u c tio n  in  the  number o f p a th s  fo r  d i f f u s io n .  T h is  
in c re a s e  in  a c t iv a t io n  energy w ith  i n t e r s t i t i a l  carbon co n ten t i s  w e ll-
. . . . . ,  , ( 165- 167)e s ta b l is h e d  •
A s im i la r  d if f e r e n c e  between m assive m a rte n s i te  and tem pered
m assive was found in  th e  a n a ly s is  o f  th e  quench ageing  k in e t i c s ,  s in c e  i t
2 /*was found th a t  th e  m a r te n s i t ic  k in e t ic s  co u ld  be f i t t e d  to  a  t
2 /3dependence, whereas the  tem pered m assive cou ld  n o t .  The t  dependence,
which i s  u s u a lly  on ly  v a l id  fo r  s t r a i n  a g e in g , can  be used  to  determ ine th e
2 /3d is lo c a t io n  d e n s i ty , s in ce , th e  s lo p e  ( s )  o f th e  t  p lo t s ,  F ig u res  36 and
^ c (pA}
37» i s  d i r e c t l y  r e l a t e d  to  the  d is lo c a t io n  d e n s ity  (L) by e q u a tio n  38
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where A i s  an in te r a c t io n  param eter o f  1 .5  x  10 ^  dynes crn^ »
K i s  Boltzm ann1s c o n s ta n t and D i s  th e  d i f f u s io n  c o e f f ic ie n t  o f  n i t ro g e n . 
At 30°C ,the  d if f u s io n  c o e f f ic ie n t  i s  2 .85  x  10*"^ cm ^/sec. ' f and th e  
R e la tiv e  c o e f f ic ie n t s  a t  65°0 and 100°C r e s p e c t iv e ly  can be d e riv e d  from 
eq u a tio n  591 s in c e
lo g  eDT1
D,T2
(T1 "  T2
1 2
39
where Q i s  th e  a c t iv a t io n  energy fo r  n i tro g e n  d i f f u s io n .
Using th e  a c t iv a t io n  energy  d e riv e d  from th e  quench ageing  d a ta  
o f 15 K cals/m ol.j the  r a t i o  o f th e  d if f u s io n  r a t e s  a t  65°0 and 100°C to  th a t  
a t  30°C were found to  be 13*^ and 109 r e s p e c t iv e ly ,  and u s in g  th e se  v a lu es  
in  e q u a tio n  39 th e  fo llo w in g  d is lo c a t io n  d e n s i t i e s  were c a lc u la te d  :
TABLE Ik
D is lo c a tio n  d e n s ity  o f quenched m assive m a rte n s ite ,
D erived from ageing  k in e t i c s  a t 30°C 65°C 100°C
2D is lo c a t io n <d e n s ity  lin e s /cm 119 .5  x 10x 119 .0  x 10 119 .3  x 10
The good agreem ent o f th e  d is lo c a t io n  d e n s i t i e s  in  Table 1*f# 
j u s t i f i e s  th e  use o f the  a c t iv a t io n  energy o f 15 K cals/m ol o b ta in e d  i n  t h i s
work. I f  an a c t iv a t io n  energy o f l8  K cals/m ol bad been u sed , th en  the
d if fe re n c e  in  c a lc u la te d  d is lo c a t io n  d e n s i t ie s  would have been a p p re c ia b le •
The d is lo c a t io n  d e n s i t i e s ,  which a re  approx im ate ly  two o rd e rs  o f
magnitude h ig h e r  th an  a  quenched a  i r o n ,  confirm  the  e a r l i e r  h y p o th esis
th a t  th e  tra n s fo rm a tio n  produces a h igh  d is lo c a t io n  d e n s ity . These
12c a lc u la te d  v a lu es  show very good agreem ent w ith  th e  value o f 10 l i n e s /
2 (131)cm o b ta in e d  by Owen e t  a l .  from th in  film  e le c tro n  m icroscopy.
The quench ageing  k in e t ic s  o f  the  tem pered m assive , however, could
2 /3n o t be ex p la in ed  by a sim ple  t  law and as  F ig u re s  53 and 59 showed,
0 .8th e  i n i t i a l  0^% o f th e  p ro cess  could  be ex p ressed  by a t  tim e dependence.
T his d if f e re n c e  i s  a t t r i b u t e d  to  th e  re d u c tio n  in  d is lo c a t io n  d e n s ity  by
th e  tem pering  p ro c e ss , bu t th e  e a r l i e r  su g g es tio n  th a t  th e  i n t e r n a l
reco v ery  p ro cess  might produce a  s t r u c tu r e  s im i la r  to  t h a t  o f  f e r r i t e  i s ,
however, no t q u ite  c o r r e c t ,  s in c e  a  com parison o f th e  ageing  r a t e  o f th e
C 1X0)tem pered m assive w ith  th e  quench ageing  d a ta  o f Thomas and Leak showed
th a t  th e  tem pered m assive s t i l l  aged a t  a  f a s t e r  r a t e ; ag a in  im plying  a 
h ig h e r  d is lo c a t io n  d e n s i ty .
The l im i t a t i o n  o f th e  Snoek p e a k ,in  th a t  i t  i s  s e n s i t iv e  on ly  to  
n itro g e n  in  f r e e  s o l id  s o lu t io n ,  and th a t  once th e  atom i s  removed w i l l  
g ive  no in d ic a t io n  as to  p o s i t io n ,  is - dem onstrated  by th e
p a r a l l e l  t e n s i l e  experim ents .These show th a t  th e  maximum v a lu e  o f y ie ld  
s t r e s s  occu rs  a t  approx im ate ly  th e  same tim e as th e  com plete rem oval o f
n itro g e n  from s o l id  s o lu t io n ,  bu t th a t  th e  a c tu a l  v a lu es  o f y ie ld  s t r e s s  
a re  dependent on the  ageing  te m p e ra tu re . The f a c t  t h a t  th e  h ig h e s t  y ie ld  
s t r e s s  was o b ta in e d  w ith  the  low est ageing  tem p era tu re  can be r e l a t e d  to  
th e  f a c t  t h a t  a t  th e  h ig h e r  ageing  tem p e ra tu res  ,a  r e l a t i v e l y  l im ite d  number 
o f c lu s t e r s  o r  f in e  p r e c ip i t a t e s  a re  fo rm ed ,.p roducing  a low hard en in g  
e f f e c t ,  w hile  a t  the  low er tem p era tu re  th e  i n t e r s t i t i a l s  a re  no t so m obile 
and th u s  a  l a r g e r  number o f  sm all c lu s t e r s  o r  s u b - p r e c ip i ta te s  a re  produced, 
w ith  a  co rrespond ing  in c re a s e  in  s t r e n g th .
8 .5 .  •STRAIN AGEING
The in t e r n a l  f r i c t i o n  s t r a i n  ageing  r e s u l t s  have ag a in  shown th a t  
th e  m assive m a r te n s i te  ages a t  a  f a s t e r  r a t e  th a n  th e  tem pered m assive , 
a lth o u g h  th e  d if fe re n c e  was no t so h ig h . T his i s  p robab ly  due to  th e  2.3% 
p r e - s t r a in -  p roducing  a r e l a t i v e l y  d i f f e r e n t  in c re a s e  in  d is lo c a t io n  d e n s ity  
i n  th e  two s t r u c tu r e s .  In  th e  m assive m a r te n s i te ,- .a h ig h  in h e ra n t  d is lo c a t io n  
d e n s ity  a lre a d y  e x i s t s  and on ap p ly in g  th e  s t r a i n ,  d e fe c t  in te r a c t io n  w i l l  
occur q u ic k ly  w ith  a  r e s u l t in g  sm all e f f e c t iv e  in c re a s e  in  d is lo c a t io n  
d e n s ity .  The tem pered m assive has a very  much low er d is lo c a t io n  d e n s ity  
and th e  2.3% p r e - s t r a i n  w i l l  th u s  produce a f a r  h ig h e r r e l a t i v e  in c re a s e  
in  d is lo c a t io n  d e n s ity .  This .hypo thesis  i s  s u b s ta n t ia te d  by th e  low er 
in c re a s e  in  d is lo c a t io n  damping produced by s t r a in in g  th e  i r r e g u la r  
f e r r i t e  ( s e c t io n  5 « 2 ).
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The a c t iv a t io n  energy fo r  s t r a i n  ageing  was d e riv e d  in  a  s im ila r  
manner to  th a t  fo r  quench ag e in g , and the tim es taken  to  reach  v a rio u s  
s ta g e s  in  th e  p ro cess  fo r  d i f f e r e n t  tem p e ra tu res  a re  g iven  in  Appendix 25 
and p lo t te d  in  F ig u re  7*+. Values o f l^f.8 + 0 ,6  K cals/m ol fo r  m assive 
m a rte n s i te  and 15 .1  + 0 . 5  K cals/m ol fo r  tem pered m assive were o b ta in e d , 
showing s im ila r  v a lu es  to  quench ageing  and th u s  adding  f u r th e r  to  th e  
h y p o th es is  o f a  sm all degree o f  te t r a g o n a l i ty  a s s i s t i n g  d i f f u s io n  and 
p roducing  th e  low er va lue* . The sm all b u t c o n s is te n t  in c re a s e  in  
a c t iv a t io n  energy fo r  th e  tem pered m assive i s  a s s o c ia te d  w ith  a re d u c tio n  in  
t h i s  l a t t i c e  d i s to r t i o n  due to  th e  tem pering p ro c e ss .
S ince th e  k in e t i c s  o f  quench ageing  o f  m assive m a r te n s i te  have
2 /3been shown to  be v a l id  fo r  a t  dependence, i t  would be expec ted  th a t
th e  s t r a i n  ageing  behav iou r would be l ik e w is e , and F ig u re  68 shows th a t
t h i s  i s  so . The much b e t t e r  f i t  o f th e  cu rves i s  im m ediately  a p p a re n t.
In  a  s im i la r  manner, th e  e f f e c t  o f th e  2 .5$  s t r a i n  i s  such th a t  now th e
2 /3k in e t i c s  o f the  tem pered m assive obey th e  t  law , a lth o u g h  the  degree o f 
s c a t t e r ,  F ig u re  69, i s  on ly  s l i g h t l y  b e t t e r  th an  th a t  fo r  th e  quench 
ageing  cu rves o f  th e  m assive m a r te n s i te .  Using an id e n t i c a l  p rocedure  
to  th a t  d e sc rib e d  p re v io u s ly , th e  d is lo c a t io n  d e n s ity  was c a lc u la te d  from 
th e  re s p e c t iv e  s lo p e s  and the  r e s u l t s  a re  shown in  Table 15.
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TABLE 15
D is lo c a tio n  d e n s i t ie s  o f 2.5% s t r a in e d  m assive 
m a rte n s i te  and tem pered m assive .
........................................ —1—- ----- - -----—.------—— ~
2D is lo c a tio n  d e n s ity  lin e s /cm
D erived from ageing  a t M assive m a rte n s ite Tempered m assive
30 °C 1.36  x  1012 1.06  x 1012
65°C l.*f8 x 1012 1.18  x 1012
100 °C 121.35  x  10 1.08  x 1012 
—.......... . — ---------—
These r e s u l t s  a re  a p p re c ia b ly  h ig h e r  th an  th o se  o f  Thomas and
C  x i 8 )  1 0Leak fo r  a  7% s t r a in e d  i r o n  c o n ta in in g  0.015% n itro g e n  (7 x 10 l i n e s /
2 (l0 9 )cm ) and th o se  o f  H arper fo r  a  15% s t r a in e d  i ro n  c o n ta in in g  0.013%
10 2carbon (16 x 10 lin e s /c m  ) .  I f  one assum es, from th e  r e l a t i v e  d if fe re n c e  
in  quench ageing  r a t e  o f th e  tem pered m assive and th e  s t r a i n  ageing  r a t e  o f  
th e  n i t r id e d  a  i r o n  o f Thomas and Leak, a  d is lo c a t io n  d e n s ity  o f 9 x 1 0 ^  
lin e s /cm  in  th e  tem pered m assive, th en  th e  p re v io u s  in fe re n c e  o f  th e  
d i f f e r e n t  e f f e c t s  o f th e  2.5% p r e - s t r a in  in  m assive m a r te n s i te  and tem pered 
m assive i s  re a so n a b le .
From th e se  r e s u l t s  on th e  k in e t i c s  o f ageing ,one  in f e r s  a  p a r t i c u l a r  
d is lo c a t io n  d e n s ity  a t  which th e  C o t t r e l l - B i lb y  i n t e r s t i t i a l  d is lo c a t io n  
d if f u s io n  becomes o p e ra t iv e , and t h i s  i s  i n  agreem ent w ith  W epnerjs 
o b se rv a tio n s  in  th a t  quench ag ein g  and s t r a i n  ag ein g  k in e t i c s  o v e rla p , and
2/3  (91)t h a t  a  s t r a i n  o f  5% i s  needed b e fo re  a  good t  dependence can be o b ta in e d
The p a r a l l e l  s e r i e s  o f t e n s i l e  experim ents (F ig u re s  70 and 71)» which 
r e f l e c t  th e se  o b se rv a tio n s ,a g a in  show th e  inadequacy o f i n t e r n a l  f r i c t i o n  
d a ta  in  showing th e  e f f e c t s  o f the  ageing  p ro c e ss  on m echanical p r o p e r t ie s .  
As i n  the  case  o f  quench ag e in g , th e  h ig h e s t  y ie ld  s t r e s s  i s  o b ta in ed  w ith 
th e  low est ageing  tem p e ra tu re .
The r e s u l t s  o f th e  quench ag ein g  and s t r a i n  ageing  experim ents
c le a r ly  show th a t  th e  y -  a  tra n s fo rm a tio n  which produces th e  m assive
m a rte n s i te  s t r u c tu r e  in  iro n -n itro g e n  a l lo y s ,  must be a s s o c ia te d  w ith  a
h ig h  degree o f i n t e r n a l  s t r a i n .  The value o f th e  d is lo c a t io n  d e n s ity  o f
11 2th e  quenched i r o n - 0 .025$ n itro g e n  a l lo y  i s  9 x 10 lin e s /c m  , and i s  an 
o rd e r o f m agnitude h ig h e r  than  th e  r e s u l t s  f o r  a  l°/o s t r a in e d  iro n  n itro g e n  
a l lo y  e x tra p o la te d  to  th e  same i n t e r s t i t i a l  c o n t e n t T h e  e f f e c t  o f  
th e  te n  m inute tem pering tre a tm e n t a t  550°C i s  to  reduce th e  d is lo c a t io n  
d e n s ity  by a  recovery  p ro cess  in v o lv in g  rearrangem ent and a n n ih i la t io n  o f 
d is lo c a t io n s .  The e x te n t o f re c o v e ry ,a s  measured by a  d i r e c t  com parison 
of th e  quench ageing  and s t r a i n  ageing  r a t e s  o f th e  tem pered m assive w ith  
p rev io u s  d a t a ^ ^ \  in d ic a te s  th a t  the  d is lo c a t io n  d e n s ity  o f  th e  tem pered 
m assive i s  s t i l l  g r e a te r  th a n  th a t* o f ’-a iro n *
9 . CONCLUSIONS
The fo llo w in g  a re  th e  main co n c lu s io n s  which can be drawn from th e  
r e s u l t s  o b ta in e d  in  t h i s  work.
The s t r u c tu r e s  produced by quenching a  ’’pure*1 i r o n  from th e  y re g io n  
have been c l a s s i f i e d  i n  terras o f i r r e g u la r  f e r r i t e *  and mixed 
i r r e g u la r  f e r r i te - m a s s iv e  m a rte n s ite  s t r u c tu r e s .  The t r a n s i t i o n  from 
one to  th e  o th e r  i s  e f fe c te d  by in c re a s in g  th e  quenching ra te *
The s t r u c tu r e  o b ta in ed  in  w ater quenching an i r o n - 0 .025% n itro g e n  a l lo y  
from th e  y re g io n  i s  th a t  o f m assive m a r te n s i te .
The change in  tra n s fo rm a tio n  p ro d u c ts  from equiaxed  f e r r i t e  to  
i r r e g u la r  f e r r i t e  and m assive m a rte n s i te  i s  a s s o c ia te d  w ith  a  
p ro g re s s iv e  in c re a s e  in  i n t e r n a l  s t r a i n .
The absence o f a  Snoek peak in  a  p u r i f i e d  equiaxed  f e r r i t e  i s  n o t 
co n c lu s iv e  ev idence o f  a  com plete rem oval o f i n t e r s t i t i a l s .
The sm all Snoek peak , which appeared  when a  ’’p u re ” equiaxed  f e r r i t e  
was h ea ted  to  th e  y re g io n  and quenched, was a s s o c ia te d  w ith  an 
i a s l o c k e d  i n t e r s t i t i a l  c o n te n t .
This sm all r e s id u a l  n itro g e n  co n ten t a f f e c t s  th e  tra n s fo rm a tio n  
b eh av iou r o f th e  i r o n .
The change in  s t r u c tu r e  from equiaxed  f e r r i t e  to  i r r e g u l a r  f e r r i t e  
has no ap p aren t e f f e c t  on th e  mechanism of th e  reco v ery  o f damping 
a f t e r  s t r a in in g .
The k in e t i c s  o f th e  recovery  p ro cess  can be accounted  fo r  by an 
e q u a tio n  o f  th e  type  P = exp ( -B tn ),w here  n v a r ie s  between 0 ,1 5  and
0 .^ 5 j hav ing  an a c t iv a t io n  energy o f 8 .5  ■* 10 .5  K cals/m o l. The 
mechanism o f  recovery  i s  a t t r i b u t e d  to  a re d u c tio n  in  d is lo c a t io n  loop 
le n g th  by a rearrangem ent p ro c e ss .
The low Snoek peak in  th e  i ro n  n itro g e n  m assive m a r te n s i te  i s  
a s s o c ia te d  w ith  a  lo ck in g  e f f e c t  due to  th e  h igh  d e n s ity  o f d is lo c a t io n s  
g e n e ra te d  du rin g  th e  tra n s fo rm a tio n .
The very  much f a s t e r  ageing  r a t e  o f th e  m assive m a r te n s i te ,  when
compared w ith  tem pered m assive , r e f l e c t s  a  degree o f  s t r a i n  produced
by th e  y -  <x tra n s fo rm a tio n . The k in e t i c s  o f  quench ageing  o f th e
m assive m a rte n s i te  can be ex p ressed  by an e q u a tio n  o f  th e  type  
7 2 /3lo g  P =* At , which i s  norm ally  a s s o c ia te d  w ith  s t r a i n  a g e in g , w hile  
t h a t  o f  th e  tem pered m assive can be f i t t e d  to  a  norm al quench ageing
tim e dependent p a ram e te r. The d is lo c a t io n  d e n s ity  o f m assive
11 2 m a rte n s i te  i s  9 x 10 lin e s /cm  .
The e f f e c t  o f  a  te n  m inute tem pering tre a tm e n t a t  550GC h as been 
a s s o c ia te d  w ith  a re d u c tio n  in  d is lo c a t io n  d e n s i ty .
2/3S t r a in  ageing  experim ents u s in g  a  2.3% p r e - s t r a i n ,  have shown a  t  
r e la t io n s h ip  fo r  bo th  tem pered m assive and m assive m a r te n s i te  k i n e t i c s .
D is lo c a tio n  d e n s ity  c a lc u la t io n s  from the  s t r a i n  ageing  d a ta  have
12 2 12 2 shown d e n s i t ie s  o f  1 .4  x 10 lin e s /cm  and 1 ,1  x 10 lin e s /c m  , fo r
th e  m assive m a rte n s i te  and tem pered m assive r e s p e c t iv e ly .
The a c t iv a t io n ',  energy f o r  b o th  th e  quench ageing  and s t r a i n  ageing  
p ro c e sse s  i s  15 K c a ls /m o l.; a  s l i g h t l y  low er v a lu e  th an  th a t  
p re v io u s ly  re p o r te d . The d if fe re n c e  i s  a t t r i b u t e d  to  s l i g h t  t e t r a ­
g o n a li ty  produced by the  y -  a tra n s fo rm a tio n .
10, SUGGESTIONS FOR FURTHER WORK
The use  o f  th e  to r s io n  pendulum imposed c e r ta in  p r a c t i c a l  
r e s t r i c t i o n s  and f o r  fu tu r e  low frequency  in te r n a l  f r i c t i o n  
ex p erim en ts, an in v e r te d  pendulum would have d i s t i n c t  ad v an tag es.
A f u r th e r  r e q u i s i t e  would be a  freq u en cy  change o f about 15-20 c y c le s /  
s e c , th u s  e n ab lin g  a more a c c u ra te  v a lu e  o f th e  $$$& a c t iv a t io n  energy 
to  be o b ta in e d .
C o n sidering  th e  reco v ery  o f t r a n s ie n t  damping a f t e r  co ld  work, a 
p a r a l l e l  in v e s t ig a t io n  in v o lv in g  in te r n a l  f r i c t i o n  measurement and t r a n s ­
m issio n  e le c tro n  m icroscopy on non s t r i p  would seem to  be w orthw hile .
The re c o v e ry  in  a zone re f in e d  iro n  should  be compared w ith  reco v ery  
in  an i r o n ' c o n ta in in g  sm all l e v e l s  o f i n t e r s t i t i a l s  up to  40 ppm, u s in g  
a v a r i a t io n  in  th e  degree o f p re  s t r a i n .  S e n s i t iv e  tra n sm iss io n  
m icroscopy should  e lu c id a te  th e  r o le  o f th e  d is lo c a t io n s  in  th e  
reco v ery  p ro c e ss  and w hether sm all i n t e r s t i t i a l  c o n te n ts  e f f e c t  
d is lo c a t io n  b eh av io u r.
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A f u r th e r  in v e s t ig a t io n  in v o lv in g  a s im i la r  s e t  o f experim ents 
on an i r r a d i a t e d  i ro n  would p ro v id e  a u s e f u l  a n a ly s is  o f th e  e x te n t 
th e  r e s id u a l  p o in t  d e fe c t c o n c e n tra tio n  p la y s  in  th e  re co v e ry  p ro c e ss .
The v ery  in t e r e s t i n g  e f f e c t s  o f th e  sm all amounts o f  hydrogen in  
th e  tem pering  atm osphere, would a ls o  seem worthy o f f u r th e r  work. S ince 
th e  e x te n t  o f d e n i t r id in g  o f an atm osphere c o n ta in in g  a f ix e d  p a r t i a l  
p re s su re  o f  hydrogen, appeared  to  he dependent on th e  degree  o f n i t r i d e  
fo rm a tio n , a  s e r ie s  o f experim ents u s in g  a h ig h e r  n i tro g e n  c o n te n t and 
a  h ig h e r  ageing  te m p e ra tu re , would e lu c id a te  t h i s : d i r e c t  o b se rv a tio n  o f 
th e  p r e c ip i t a t in g  phase would a lso  be u s e f u l .
The th i r d  f a c to r  t h a t  emerged from t h i s  re s e a rc h  was t h a t  o f an 
in h e ra n t  p a r t i t i o n  o f n i tro g e n  between f r e e  s o l id  s o lu t io n  and p in n in g  
p o in ts .  A lthough th e  c o n tro l  o f g?ain s iz e  in  iro n s  w ith  low i n t e r s t i t i a l  
le v e ls  i s  d i f f i c u l t ,  th e  e f f e c t  o f a v a r ia tb n  in  g ra in  s iz e  and 
d is lo c a t io n  d e n s i ty  on th e  ap p a ren t s o l u b i l i t y  o f  n i tro g e n , would 
p ro v id e  q u a l i t a t iv e  in fo rm a tio n  concern ing  th e  r e l a t i v e  a t t r a c t iv e n e s s  
o f th e se  ty p es  o f  s i t e s  f o r  i n t e r s t i t i a l  atom s.
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APPEITDIX 1 
Damping o f pu re  i ro n
Equi cxed f e r r i t e  I r r e g u la r  f e r r i t e
■¥Q. 730° C-A WQ. 730° 0-33 WQ. 950° C-C W.Q. 950°0 -D i
5 x 104f V t I 105
1....... ...................~ ................
8 x 104 V t s  103 6 z l 0 4 V fp.x 103 6 x 104 V t  x ic?
1 2 i 3 .53 1 5 i 1 3 .52 1?2 3.56 25 3.54
12i 3 .51 !5t 3.50 18 3 .53 25f 3 .531 2 | 3o49 15t 3 ,48 18f 3.52 2 1 } 3.52
12%- 3 .48 16 3 .47 10} 3*5 2 9 f 3 .51
13 3 .4  6 15t 3.46 ! 9 f 3 .48 3 It 3.49
13 3.44 16 3.43 20t 3 .47 33t 3.43
12J 3.42 1 5 i 3 .41 20J- 3.45 34t 3 .4  6I 3 i 3.39 16 3 .3 9 2 l i 3 .43 35t 3.44
1 3 i 3 .3 7 16 3.38 2 l f 3 .41 31 j ' 3 .43
I34r 3.36 164" 3.36 21-f 3 .40 3 8 } 3.41
! 3 f 3.33 16 3.32 22 3.38 3 8 } 3.40
1 3 t 3 .31 16 3 .31 22 3.36 38f 3 .38
1 3 i 3.28 15f 3.29 2 1 } 3.35 3 9} 3 .37
13 3.23 16 3.26 21} 3.32 31} 3.35
I
i
3 .21 15f 3 .23 20} 3.29 36} 3 .33
I 1 2 i 3.15 15t 3 .20 2 0 i 3.26 33} 3.32
1 1 2 t 3 .14 1 5f 3.18 19} 3 .25 3 4 } 3.30
12 3.11 I 5 i 3 .17 19 3 .20 33} 3 .28
12 3.09 15f 3 .12 1 0 } 3 .18 31 3 .24
15} 3.10 , 18 3.15 2 8 } 3 .21
15} 3.09 ; IT? 3 .12 2 6} 3.19
17jr 3 .10 24} 3.16
16} 3*08 22 3.12
1 6 } 3.06 20^ 3 .07
i j
1 6 } 3.04 19t 3.05
- 206-  
■APPENDIX 2 
I r r e g u l a r  f e r r i te /m a s s iv e  m a rte n s i te
Ic e d  b r in e  quench 950° C
6 2 104 1/rjt Z 105 6 x 104 V t X 105
2 1 | 5*53 34 3.29
22-2 3.52 33t 3 .2 7
254- 3 .51 33"4 3.25
2 5 i 3.49 32 3.23
2 7 i 3 .48 29t 3 .2
3 .47 28f- 3 .18
3 l i 3 .45 2 7 i 3.16
33f 3 .43 25t 3 .13
344 3.42 23t 3.12
344 3 .41 2 I t 3 .10
344 3.39 20 3.08
3 4 i 3 .38 19t 3.06
344 3.36 1 6 | 3 .04
344 3 .34  ' | 1 5 i 3 .02
344 3.32 j 154- 3 .01
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APPENDIX 3
K*o*ster Peak -  i r r e g u la r  f e r r i te /m a s s iv e  m a r te n s i te
Ic e  b r in e  Quench 950° W.Q. 7300 c
H eating C ooling H eatin g
6 x 104 j V t x 105 6 x 104 V t x 105 5 x 104 j V t  x 105
22 3.38 204 1.63 23
1 " 1 
i 3.41
32 3.28 170 1 .64 23 3.33
3 4 i 3.2 148 1.66 24 3.30
37 3.12 129 1.69 24 3.26
34 3.05 114 1 .71 23 3 .2
2Gi 2.96 99 1.75 24 3.16
23i- 2 .9 89 1.78 2 5 i 3.10
1SJ- 2.825 90 1 .81 25 3.04
1 7 i 2.76 87 1.85 244" 2.94
I 7 i
I 84
2.63 87 1 .88 24 2 .8 7
2.55 85 1 .92 27 2 .80
20J- 2.49 78 1.96 28 2 .72
23 2.42 73t 2.01 284- 2.65
25y 2.36 59 2.05 274 2 .5 7
30jr 2 .28 50 2 .08 31 2.52
36 2.25 40 2.14 32 2.46
2.21 344 2 .1 7 324- 2 .39
48 2 .1 7 2&4 2.21 324 2 .34
57 2 .14 24t 2.25 34-4 2.29
65 2 .11 H i 2 .31 35 2 .2 4
77 2 .0 7 15-4 2.35 36 2.19
88 2.05 H i 2 .51 364- 2 .14
99 2.02 104 2 .60 384- 2 ,07
114 1 .98 39 2.03
123 1.96 40 1 .98
129 1.95 434 1 .93
149 1 .91 48 1 .91
158 1.89 534 1 .88
162 1 .87 67 1 .83
163 1.85 72 1 .80
165 1.84 75 1 .7 7
166 1 .8 1 81 1 .74
165 1.79 90 1 .70
172 1.76 94 ■ 1 .68
179 1 .73 99 1.65
182 1 .70 110 1 .60
1205 1.66
1226 1.62
1254 1.59
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APPENDIX 4
Snoek Peak in  a quenched Fe -  0.025$ I\L a l lo y
M assive M arten s ite  
6 x 104 V t  x 1C?
Tempered m assive 
6 x 104 . V t  X  10?
330 3.54 345 3.54
352 3 .53 357 3.53
370 3.52 403 3.51
395 3.51 430 3.50
412 3.50 470 3 .48
438 3.49 518 3.46
449 3 .48 540 3.45
470 3 .4 7 595 3.42
484 3.46 607 3 .41
506 3.45 615 3.40
521 3.44 620 3.39
534 3 .43 624 3 .38
552 3.42 622 3 .37
570 3 .4 612 3.35
568 3.39 595 3 .33
572 3 .3 7 579 3 .32
572 3.36 i 550 3.30
552 3.33 517 3 .28
509 3.30 503 3 .2 7
472 3 .28 475 3.25 ;
434 3.25 460 3.24
389 3.23 429 3.22
350 3.20 395 3.20
318 3.18 382 3.19
289 3.16 357 3 .17
259 3.13 334 3.15
n i . i , I  . .......HU- !
310 3.13
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APPENDIX 5
Data for denitriding effect of tempering atmosphere
-- -------  -----  --------------------
6 max. a f t e r  N tre a tm e n t 
2
6 max. a f t e r
NT2+ 1C$ H treatm ent
W.Q. 628 x  10 ^ 293 x  10“^
10 639 303
20 «» 297
40 ri 291
50 c=> 312
70 631
120 627 298
250 305
520 622
800 - 309
1300 625 310
2800 633 313
4200 627 353
6000 • 318
6200 - 400
7500
1_______  _________
•* 395
-s----- . --- . -- - .......
APPENDIX 6
Data for denitriding effect of tempering atmosphere
r„. ■ ■■■—---- ---------------- ----
Ageing time (min.)
i
5 max • 10/  ^ N 1 $ max. 5% Ng 6 max. 2% Ng
5 281 x 10oZf 426 x  10“^ 551 x  10“^
20 275 431 555
215 268 518 606
500 280 561 628
1600 325 614 632
3250 329 630 625
6000 350 626 629
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APPEKDIX 7
R ecovery d a ta  f o r  equi«axed f e r r i t e
19 C 36 0
s t r a i n S t r a in
Tim e(m in.Jg x 10^, Tim e(m int)
2?glo S t r a in  
6 x !(/** Time (min,
% S tr a in
*5 x 10^' Time (min)5 x 10 7
594
55§
52|
49I
4 6 f
444
424
414
405"
39I
37§
36
3 3 f
3 4
3l4
30
29
274
24
22
21
17
I l f
11
i  %  
3?r
» £if2
6
i 71.
| 92
| IO2 
| 12 
; 164 
! 204 
j 27
34  
424 
| 58 
I 73 
93 
160 
195 
245 
307 
380 
J.090 
320
64 .5400
934
86
83
79
744
724
70
68
67
66
65
644
e l
62i
6 o |
59
57
5 6 i
5 4 |
5 3 |
5 2 |
50
bS%
w |
46
44^
42
40
39
374
35
344
3.2
304
174
4
l l
24cr
2-1
4
74
9
104
i 4
14
16
204
22
31
374
44
50
37f654 
75 
90 
102 
111 
131 
.150 
180 
209 
228 
260 
300 
33 0 
400 
440 
1380
61
57
54
48
45
434
w f
4 0 |”
394
39
3 7 i
3 6 |
3 5 l
3ki
3b-
3 2 i
3 o |
29
2 8 i
2 6 |
24x
234
224
21
2q4
19!
m
1 7 i
1 6 |
154-
12£4
4
8
?r£b-2
6
9 |
11
124
14
18
20
22
25
28
31
39
45
50
6 l
73
84
95
111
122
141
170
200
219
246
329
391
1090
1800
100
93
884
83§
784
7 %
7 4 |
744
724
7 o |
684
67
65
63
62
59
57
55
524
50§
4 9 f
494
4 6 2:
454
44
4 0 f
39
38^
3 6 |
344
33
304
28
24f
l l
T t-1*4 .
p i
4
54
7
8 f
104
12
15
184
20
23
274
33
384
44!
51
374
64
70
75
82
90
98
122
131
145
162
180
210
255
300
390
0140
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APPEKDIX 8 
Recovery d a ta  f o r  eq u iased  f e r r i t e
24$ S t r a in 5f0 S t r a in 24^ S t r a in 3f0 S tr a in
5 z l 04 Time (m in e ,)  fi x 1(D4 Tim e(m in,) 4 / \6 x 10 Time (m iru ) 6 x 104 Time fcin0
60
5&i
. i
xt  1 98 I 4- 6&i I t 100 l 493 l i 57
3
97 1A
2-i-53
4 8 i
2-5- j 874-
854-
24- 53 934
4 i I 4 9 i H 874* 446 54* i 814
78-|
4 6 i 5 83 54
44 7 i I 84* I
. 4 3 i 64 784- 7
42 76 8 4 l i 8 7 5 i 84
41 10 75 94 40 94 7 2 i l o i
3 9 i I l f
134
71 12 36f H i  . 70 12
3 8 f
3 8 |
69 144* 3 6 f
334
134 674 134
15 674* 16 154 644 154
,3 7■_ 4 17 66-J 17t 3 2 i 17 63 17
3 3 i1 204 6 2 | 2 0 f 3 l i 194 60 184
332
32-t
234
264-
58-f
5 6 i
:2&4
33
2 9 i
27
2 l i
27
584-
544*
204
234
31_ A 32
4 9 i
38
444
2 5 l 294 52 274
274 46 24 354 4 7 i 36
2 6 | 53 48 50 2 3 i 41 444 42
2 3 r 65 47 55 2 l i 47 3 8 i 56
224 77 45 61 2Qi 54 3 6 i 624
2 0 i 90 43 71 18 66 34t 75
2 0 f 100 4 0 i
382
81 17t 80 304- 9618
174*
116 91 H i 100 27-f 120
132 37f,
3 5 i
95 12} 132 214 227
16 152 106 U j 170 20 287
H i 180 334 122 IO7 205 194 307
1?T 200 32 143 10 232 184 337
1 2 |
1 2 |
220 294*
274*
165 7!5+
360 184 357
240 193 1410 12 1340
12 260 24f
2 1 i
240
9tQf 
%  :
302 330
395 20 380
1390 134
1
1330
-2 1 2 -
■APPmiX 9 
D ata f o r  recovery  o f i r r e g u la r  f e r r i t e
2 f^o S t r a in
A C 045 C 55° C
6 z  104’ Time (m in*) 5 x 104 Time (m in ,) 6 x 104 Time (m in .)
65}
l l
57} 1} 47} 1}
61 54 1} 45 1}
57 2} 50} 2} 59} 2}
55 4 47 2} 57} 2}
49} 5} 43 4 55 4
47 s i 39} 5} 29} 5}
44} 8 56}
55?
52}
50}
8
26} 6}
42} 9 i 24} 8
41} 11 10 22} 9}
40 12} 11} 21} 11
59 14 28} 14} 20 12}
37} 16 26} 16 19 14
36} 19} 26 18 17} 17
56} 22 25 19} 16} 19
55} 28 24}
25t
22} 16 21
5 l f
31}
56 25 15} 24
41 22} 28 14} 27
31t3 i}
45 22 30 14} 29}
57 20} 37 14 52
51 62 20 45 12} 46
50 68} 19} 50 11 65
50} 74} 18} 55 10}
10}
76
28} 91 17} 66 86
28*4 107 17 78 10 96
26} 155 16} 95 9 i 114
26 155 15} 105 9 155
25} 182 15} 122 8} 175
25 210 15 156 8} 200
24} 240 14} 196 8} 244
25} 266 14 222 8 285
25}
22}
345 13} 511
7}
370
t 400 10} 1240 1590
2 2 435
17}i .  ........ ; 1250 i
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APPENDIX 10
K in e tic s  o f reco v ery  -  eq u iax ed  f e r r i t e  -  2 .5 $  s t r a i n  [6n  = 5 x IQ"4 !
T •t------i
_____________
i< rc
! t  (m in .) t°* 3 46 t  x 10 < lo g  P 6 t  x 104 ...  lo g  P................ .......
I 2 1 .23 55 1 1.699 55 1.699
3 1 .39 50J- 1.658 51* 1 .667
4 1*53 48 1.634 49 , 1 .643
5. 1 .63 46 1.613 47 1.623
7 1.79 43* 1.585 44 1.591
9 1.93 41* 1.562 41-4 1.566
14 2 .21 3 8* 1.525 39 1.531
18 2.38 37 1.505 37* 1.512
25 2.62 35 1.477 34* 1.470
50 3.23 3 0 j 1.410 28 1.362
100 3.98 27 1.342 22 1.230
200 4 .9 22 1.230 17 1.079
300 5.53 19* 1.161 14f
12*
0.966
400 6 .03 17* 1.097 . 0.875
600 6.81 15 1.000 i o i 0.740
800 7.43 132
12*
0.929 9 0.602
1000 7.94 0.860 8 i 0.544
1500 8 .9 7 10* 0.740 7 i 0.398
2500 10.45 8* 0.544 ,
• « ’in '"iiTn ■,*»
APPENDIX 11
45°C 55°C
t  (min) t ° .4 6 t  x 104 lo g  P 6 t  x 104 ...  lo g  P.................. .....
: 2 1.32 55 1.699 55 1.699
3 1.55 51 1,663 51 1,663
4 1.74 4Qi 1.639 48* 1.639
5 1 .91 47 1.623 46* 1.618
7 2,18 44 1.591 43 1.580
9 2.41 42 1.568 40 1,544
14 2.87 38*
36*
1.525 34* 1 .4 7
18 3.18 1.498 31* 1.423
25 3.62 33 1 .447 28 1.362
35 4 .15 30 1.398 24* 1.29
50 4 .9 8 26* 1.332 21 1.20
70 5 .47 23* 1 .267 18 1.114
100 6.31 20 1.176 15 1 .00
150 7.42 16 1.041 12* 0.862
200 8 .3 3 14 0,954 10* 0.740
300 9.79 11* 0,796 8* 0.574
400 11 .0 9 i 0.653 7* 0.398
600 1 2 . ? ilipL J 2 L - *
- 214-
■APPENDIX 12
K in e tic s  o f reco v ery  -  equ iaxed  f e r r i t e  5% s t r a i n  [ 6 o s  10 x  10*“^ ]
__________ 19°C......... ii ■ 36°C
| tim e (m in .) t  ° ’45 i6 x 104 lo g  P t°* 4 6 x 104 lo g  P
r
! • 2 1.36 i 84 1.869 1 .32 91* 1.911
; 3 1 .6 78 1.832 1.55 86* 1.884
4 1.86 75 1.813 1.74 82* 1.860
5 2 .0 7 ; 73 1.799 1.91 80 1.845
7 2.40 I 70 1.778 2 .18 76* 1.823
9 2.72 ! 68 1.763 2 .41 74* 1.81
. 14 3.30 | 65. 1 .740 2 .87 10} 1.782
18 3 .67 ! 63t 1.728 3 .18 68* 1.767
25 4 .26 | 61-J* 1.711 3 .62 65 1.744
35 4 .9 3 ! 59 > 1.690 4 .1 5 60* 1.701
50 5.82 I 5 6} 1.667 4 .7 8 55 1.653
70 6 .81 1 53 1.633 5 .4 7 49 1.591
100 7.94 ! 49 1.591 6 .31 4 3 } 1.525
150 9 .5 7 1 44t 1.539 7.42 37* 1.439
200 10 .8 t 40-g- 1.484 8 .3 3 33* 1.371
300 13 .1 1 3 5 i 1 .407 9 .79 28 1.255
400 14 .8 ! 32 1.342 11 .0 24*
20}
1.161
600 17 .8 i 26* 1 .217 12 .9 1.017
800 20.2 1 23 
I 21
ii
i
-L-._______
1.114 14.5 18} 0.903
1000 
j _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  . . .  . . .
22.4 1.042
- 215-
APPMDI1 15
K in e tic s  o f reco v ery  -  equ iaged  f e r r i t e  5*f> s t r a i n  [ 6o = 10 x 10"4 ]
45°C 55°C
| tim e (m in ,) t  ° A 6 x 104 lo g  P
o-p 6 x 104 lo g  P
r
2 1*52 9 l i 1.911 1.23 9 5 i 1 .932 |
3 1.55 87 1.886 1.39 91 1.908
4 1 .74 84 1.869 1.53 874- 1.889
j 5 1 .91 82 1 .857 1 .63 834- 1*866
j 7 2 .18 1 7 i 1.829 1*79 784- 1.835 i
1 9 2 ,41 75 1.813 1 .93 74 1.806
| 14 2 .87 69 1.771 2 .21 65 1.740
j 18 3 .18 65t 1.744 2 .38 61 1.707
I 25 3.62 60^ 1.703 2.62 54 1.643
: 35 4.15 54t 1.648 2 .9 0 474- 1.574
1 50 4 .7 8 4 8 i 1.592 3 .23 404- 1 .484
I 70 5 .4 7 43 1.518 3 .58 35 1.398
! 100 6.31 37 1.431 3.98 30 1 .301
150 7.42 31 1*322 4 .5 2 5 i 1.190
200 8 .3 3 2 7 t 
22 f  
19i
1.236 4 .9 23 1.114
500 9*79 1.088 5.53 ; 194- 0 .977
400 11.0 0.966 6 .03 17t 0.889
600 12.9 1 6 i 0 .813 6 .81 15t 0.720
800 14.5 7.43 13t 0.574
-2 1 6 -
APPMDIX
K in e tic s  of reco v ery  => i r r e g u la r  f e r r i t e  -  2 .5 $  s t r a i n  [5^= 7 x  1(A]
35°C
f 0.15 i 4
t(min,) t  ...... | 6t x 10 l * g .P1
2
|
1*11 I 60 1.724
3 1.18 55f
52 |
1.686
4 1.23 1.638
5 1.27 50 1.633
' 7 1.34 46 1.591
9 1.39 i ^ 1.556
14 1.48 39 1.505
18 1.54 1.477
25 1 .6 2 34i 1.435
35 1.71 32 1.398
50 I .80 314 1.385
70 1.89 30 1 .362
lo o 2 .0 28 4- 
2 4
1.327
150 2.12 1.284
200 2.21 25 1.255
250 2.29 244 1.237
300 2.35 2 3 i 1.218
400 2.46 } 22 1.176
600
L
2.61 1 20J
i'■. i----------
1.130
lI 045 0 -55 0
I 6t  x 10^ log . P 5t  x lO* log. P
11i 52 1.653 41 1.531
47 1.602 36 | 1.47
434 1.559 33 1.415
j 4O2 1.525 30i 1 .366
! 36 1.462 26 1.279
33 i
28|
1.419 234 1 .21
1.332 194 1.087
26 1.279 17 1 .00
234
21^
1.217 154 0.917
1.153 134 0.813
19 1.079 12 0.699
174
164
1.010 11 0.602
0.954 10 0.477
15 0.903 9 0.301
14.3 0.863
14 0.845
134: 0.813
13 0.778
12 0.699
-2 1 7 -
kVFMDTX. 15
Snoek peaks in  S’e - 0 . 0 2 ~  M assive m a rte n s i te  -  aged a t  30°C
W.Q. 2 hours 7 hours
6 xl(A V t  x lo? 45. xlO
!
V t  x 10^ 5x 10^ V t  x ic?
330 3-54 294 3& 3 175 3.53
352 3.53 307 3.52 200 3.51
370 3.52 323 3.51 221 3.50
395 3.51 343 3.50 239 3.49
412 3.50 355 3.49 2 66 3.47
4-38 3.49 375 3.48 280 3 .46
449 3.48 397 3.47 295 3.45
470 3.47 42^ 3.45 308 3*44
484 3.46 448 3*44 320 3.43
506 3.45 479 3.42 331 3.42
521 3.44 489 3.41 342 3.40
534 3.43 495 3.40 349 3.39
552 3.42 49 6 3.39 347 3.38
570 3.4 496 3.38 349 3.37
568 3.39 495 3.37 348 3.36
572 < 3.37 478 3.35 342 3.35
572 3.36 467 3.34 331 3.33
552 3-33 461 3.33 323 3.32 :
509 3.30 432 3.31 307 3.30
472 3.28 410 3.30 295 3.29
434 3.25 393 3.29 271 3.27
389 3.23 36 7 3.27 257 3.25
350 3.20 356 3.2 6 250 3.23
318 3.18 328 3.24 228 3.21
289 3.16 300 3.22 210 3.19
259 3.13 266 3.19 195 3.17
235 3.16 178 3.15
:
1
203' 3.13 162 3.13
-218—
APPENDIX 15 (C ontinued)
Snoek peaks in  Fe-0.025/ M assive m a r te n s i te  » aged a t  30°C
46 x 10
23 hours1
V t  x 103
53
6 x lO2*’
119 3.53 77
129 3.52 90
140 3.51 97
150 3.50 108
159 3.49 117
178 3.47 121
190 3.46 130
201 3.45 134
211 3.44 138
219 3.43 141
231 3.41 143
238 3.39 146
239 3.38 147
238 3.37 146
233 3.35 143
226 3.33 141
223 3.32 135
218 3.30 130
211 3.28 123
196 3 .26 119
183 3.25 112
175 3.24 105
165 3.23 97
151 3.21 93
137 3.19 83
124 3.17 77
107 3.14 68
61
V t x 103
76 hours
5 x  10'4 V t  x 103
3 .5 4  
3 .5  2 
3 .5 1  
3.49 
3 .48  
3 .47  
3 .45  
3 .4 4  
3 .43  
3 .4 2  
3 .4 1  
3.39  
3 .38
3.31  
3.35  
3 .3 4
3 .32  
3 .3 1  
3 .29  
3 .28  
3 .26  
3 .2 4  
3*22 
3.21 
3.19 
3 .1 7  
3 .15  
3 .13
48
52
60 
63
70 
75 
77 
80 
85
87 
89
89
90 
90
88 
87 
82 
79 
73
71 
67
61 
58
53
49 
44 
42 
39
3.53
3 .5 2
3 .50
3.49
3 .47
3.46
3.45
■3.44
3 .42
3 .41
3 .40
3.39
3 .38
3 .37
3 .36
3 .3 4
3 .31
3 .30
3 .28
3 .27
3 .25
3 .23
3.22
3 .20
3 .18
3 .16
3 .15
3 .1 4
JL
-2 1 9 -
A P F M D H  16
Snoek peak in  l ? e « 0 . 0 2 -  tem pered m assive -  aged a t  30°C
2
6x10^
W.Q. ! 
l/T xlO 1 6 £  p xlO
r s .  J  
; ] / r  xlO j
1 d£ 
5x10
iy.
l4?xlo^
2* ^  
■fix ICT*
h
l/T x lO
[ 11. days -r 
I gxlO l/T xlO
345 3 .5 4 {322
I
3.53  1273 3.53 188 3 .5 4
i
1 51 3.53
357 3.53 345
385
3.52  j 290 3 .5 2 200 3.53 j 54 3 .52
403 3 .51 3 .50  jj311 3 .5 1 223 3 .5 1 56 3 .51
430 3.50 j415 3.49  I 348 3.49 245 3.49 62 3.49
470 3.48 i467 3.47 369 3 .48  | 257 3 .48 65 3 .48
492 3 .47 ‘483 3.46 394 3 .4 7  | [282 3 .46 70 3*46
518 3.46 1501 3.45 415 3 .46  | 295 3 .45 73 3.45
540 3 .45 1540 3 .43 3 .4 4  ! 319 3 .43 77 3 .43
575 3 .43 556 3 .42 46 0 3 .43 339 3 .4 1 78 3 .4 2
595 3 .4 2 570 3 .4 1 481 3 .41 349 3 *40 80 3 .41
607 3 .41 578 3*40 | 486 3*40 355 3.39 81 3 .40
615 3.40 581 3.39  I 489 3.39 358 3.38 84 3.39
620 3.39 583 3 .38  ! 491 3 .38 357 3 .37 83 3 .38
624 3 .38 579 3 .36  1490 3 .37 1352 3 .36 84 3 .37
622 3.37 563 3 .35  j 486 3 .36 |348 3 .35 81 3.35
612 3.35 533 3 .33  i 469 3 .3 4 1338 3 .33 78 3 .33
595 3.33 522 3 .3 2  j 448 3 .3 2 328 3 .32 76 3 .31
579 3.32 496 3*30 j 438 3 .31 319 3 .31 73 3 .30
550 3*30 478 3.29  i 425 3 .30 303 3.29 74 3.29
517 3.28 451 3.27 403 3 .28 293 3 .28 69 3 .2 7
503 3.27 430 3.26 393 3 .2 7 275 3.26 65 3 .25
475 3 .25 405 3.24 368 3 .25 267 3 .25 63 3 .2 4
4^0 3 .2 4 387 3.23 341 3 .23 249 3.23 59 3 .2 2
429 3 .22 355 3.21 330 3 .2 2 240 3 .2 2 54 3 .20
395 3.20 330 3.19 306 3 .20 222 3 .20 52 3.19
382 3.19 318 3 . 1.8 j 283 3 .18 234 3.19 49 3 .1 7
357 3 .17 297 3.16 275 3 .17 200 3 .17 48 3 .16
334 3 .15 275 3.14 253 3 .1 5 186 3 .15 45 3 .1 4
310 3 .13 !j ------------ L
234i
-------- L
3.13 [180
\
3 .1 4 1t
L_________ 1,
•*220-
APPENDIX 17 
Quench Ageing d a ta .
M assive M arten s ite Tempered M assive
Ageing temp, 
o„
Ageing tim e(m in .)p eak  h e ig h t ! Ageing tim e(m iru )
6 x 104 I
Peak h e ig h t
6 x  10',4
30°C
W.Q. 585 W.Q
l o t 576 12
30 567 30
120 495 65
420 361 340
1350 240 1400
3180 149 5700
4750 91 10,000
645
651
635
642
584
479
251
161
65 0
W.Q.
W.Q.
5
6 
10 
12 
15
2-02 
26 
40 
60 
90 
140 
290 
PL450
599
524
548
461
445
458 
433
459 
393 
296 
274
I 261 
1146
i 24
W.Q.
W.Q.
5
10
26
40
70
96
137
285
340
1450
2800
4200
630
602
574
594
549
495
481
443
382
256
240
71
34
20
-2 2 1 -
APPENDIX 1 7 , (C ontinued)
Quench Ageing d a ta
| M assive M arten s ite
j
Tempered M assive,
.
Ageing temp.
|
Ageing tim e(m in* ) jPeak h e ig h t
..
Ageing tim e (min#) 'sPeak heighi
. °C ij 6 x 104 6x l04
!
1 W.Q. 583
....... ---------------- ----------
■ W.Q.
.... —......... .
625
W.Q. 570 3 570
3 476 5 551
[ A 5 367 6 541
;| - 100 0 6 348 9 494|j 8 i 296 12 4811
,1 s i 295 18 406
| 12 300 20 376
j. 13 235 28 . 312
20 239 38 278
28 156 40 274
! 40 128 56 2461! 41 117 57 243
j 90 68 100 189
j
187 44 320 76iji\
|i
1300 19
. . .
•1410 26
■
, . . . . . . . . . . . . . . . . ....
-2 2 2 -
APPENDIX 18
K in etic  data fo r  quench ageing -  m assive m artensite
30UC 65 0 ld 6°b 1
t ( m in ) j t  2/3 S t x KT 
‘
- lo g  P 'j S t  x 10** - lo g  P'’ !St x 10** - lo g  P^
2 1.59 -  i
....... .......—
565 0.016 505
1
0.058
3 2.08 ! 550 0,028 455 0.12  1
4 2.52 - 542 0.035 415 0.147
5 2 .93 5S4 0.002 538 0.037 372 0.195
7 3.66 - 521 0,052 322 0.26  ;
9 4 .3 3 *“ - 505 0.066 296 0.30
10 4 .6 4 582 0.004 — - -  i
14 5 .81 475 0.092 250 0 .38
18 6 .8 7 575 0 .007 455 0.112 215 0 .43
25 8.55 572 0,012 425 0.143 170 0,56
35 10 .7 561 0.020 390 0.181 130 0 .69
50 13.6 546 0 .03 348 0.228 100 0.82
70 17 .0 529 0.045 305 0.294 82 0.92
100 21.5 508 0.064 261 0.363 63 1 .07
150 28 .2 475 0.093 215 0.455 47 1 .24
200 34.2 445 0.12 183 0.530 40 1,35
250 39 .7 420 0.15 160 0.594
300 4 4 .8 397 0.174 142 0.652
350 4 9 .1 379 0-20
400 54 .3 361 0.22
500 63 .1 '336 0.25
600 71 .1 318 0.275
800 86.1 285 0.325
1000 100 265 0.367
1500 1131 228 0 .427
2000 159 196 0,50
5o = 15 x 10-4 . 60= 15 3 10"4  60= 15 
585 x 10 Smax =
x 10*4  .mwL
575 x 10^  ;;Smax = 585 x 10 Smax =
-2 2 3 -
APPENDIX 19
Kinetic data for quench ageing -  tempered massive
30°C
" Ij
i 65°C .
t(m in ) t°*8
A
dtzlO
V' *
—lofi* P t(m in ) t 0*6 t° .8 4StxlQ -Xog p '.....
35 17.2 640 0.004 4 2.30 3.03 598 0.013
50 22*8 638 0.005 5 2.62 3.62 593 0.017
70 29*9 635 0.007 7 3.21 4.74 585 0.022
100 39.8 625 0.013 9 3.T4 5.80 578 0.026
150 55.0 615 0.022 14 4.87 8.26 563 0.040
200 69.3 608 0.026 18 5.66 10.1 555 0.046
250 82.9 600 0.032 25 6.9 13.1 539 0.059
300 95.8 592 0>038 35 8.44 17.2 518 0.076
400 121 572 0.054 50 10.4 22.8 495 0.10
500 142 560 0.063 70 12.8 29.9 470 0.12
600 167 545 0.075 100 15.8 39.8 430 0.16
800 210 522 0.09 6 150 20.2 55.0 369 0.23
1000 251 505 0.109 : 200 24.0 69.3 313 0.30
1500 347 465 0.148 { 250 27.4 82.9 280 0.35
2000 437 425 0.187 300 30.6 95*8 254 0.40
2500 523 395 0.22 400 36.4 121 209 0.49
3000 605 3 66 0.253 500 41 .6 145 182 0.56
4000 761 320 0.316 600 46.4 167 160 0.62
5000 910 280 0,379 800 55.2 209 128 0.73
6000 1053 245 0,44 ■
7000 1190 218 0.494 j
:
8000 1326 195 1 0.544 i i ! ! A 16o = 15x10-4 6i1 Uxa=645x10-4 SoL ___1L_ J
= 15x10-4  Smax.
1
= 615x10*^ 
1 , [:
-2 2 4 -
APPENDIX 19 (Continued)
100°C
t(m in .) t  °*45 t 0' 8 6 t  x 104 - lo g  P
2 1.36 1.74 595 0.022
3 1 .64 2.41 573 Q.C40
4 1.86 3.03 557 0.050
5 2 .0 7 3.62 548 0.057
7 2.40 4 .74 523 0.080
9 2.72 5.80 500 0.10
14 3.30 8.26 450 0.15
18 3.69 10.1 400 0.20
25 4.26 13 .1 340 0.275
35 4 .9 3 17.2 291 0.344
50 5 .82 22.8 255 0.404
70 6 .81 29 .9 220 0.474
100 7.94 39 .8 183 0.56
150 9 .57 55 .0 142 0.68
200 , 10.84 69 .3 115 0.785
250 12.0 82 .9 100 0.86
300 13 .1 95 .8 85 0.94
400 14.8 121.0 65 1 .09
500 16 .4 142.0 55 1 .19
600 17 .8 167.0 j 49 1.25
—
1 -
60 = 15 x 10*"-4 6 max = 625 x 10”*4
-2 2 5 -
APPSMDIX 20
D ata f o r  s t r a i n  ageing
Ageing M assive m a rte n s i te  11 Tempered m assive
Temp, °C
i ]
Ageing tim e (m in .)!p eak  h e ig h t
1 fi x  i c r  -
| l
jA geing tim e(m in .)  Peak h e ig h t
.............  1 fi* i c r  _ _
|
i
!
W.Q. i 581 W.Q. 641
10 | 553 W.Q. 638
20 j 550 j 10 621
40 | 509 40 619
1 6 o  1 521 ! 50 609
1 o 90 | 487 i 90 591
30 C 130 j 435 i1 120 600!
I 180 i 449 | 180 575ii 350 | 351 1i 250 549
1 370 j 349 j | 520 476!
i 1300 179 !| 1400 241I 3010 1 76 j ! 2750 131
1 3480 69 1I 4280 64
! 5895 31 If 5610 54
J 9970 18 j j 7200 31
i! ----------------------------- 1 8810 30
W.Q. 575 1 W.Q. 649
W.Q. 569 i W.Q. 633
4 485 4 i 592
6 479 7 592
A 10 419 12 562
65 C 18 364 20 511
25 376 34 447
30 284 50 389
48 300 68 341
95 162 120 232
110 165 180 151
180 ! 84 280 91
1350 : 20 415 70
| 2800 20
-*226-«
APPENDIX 20 (C ontinued) 
D ata f o r  s t r a i n  ageing
Ageing M assive m a r te n s i te Tempered m assive j
Temp. °C Ageing t im e ( r a n .) Peak h e ig h t 
6 x  lO4*
Ageing tim e (m in .) Peak h e ig h t 
6 x 10^
W . Q . 573 W . Q . 627
2 W W . Q . 648
3 351 3 489
5 314 5 433
0 7 289 6 407
100 c 9 i 246 9 337
1 2 | 209 12 267
18 126 20 179
28 96 30 123
40 74 40 96
J 54 64 70 71
120 51 119 59
300 33 I 80 49
I ___________________________________
320 44
j
-2 2 7 - 
APPENDIX 21
K in etic  data fo r  s tr a in  ageing -  2ygfo stra in -m assive  m artensite
j o 
! 30 o
i 0
.65  C
i 0 
100 c
t(m in . ) t  V 3 6 txlO ^ ! —lo g  p / 6 tx l0 ^ | - lo g  V [StxLO4** - lo g
2 1.59
1
i
i
ii 440 ! 0.12
3 2.08 !i j 370 0.20
4 2.52 i 335 0 .25
5 2.93 1 479 I 0.081 310 0.29
7 3*66 [I 455 ! 0 .104 280 0 .32
9 4 .33 i\\ 436 10.113 250 0.38
10 4.64 560 1 0.01 430 0.13 235 0.43
14 5.81 552 0.019 404 0*16 180 0.53
18 6.87 545 0.023 381 0.185 138 0.66
25 8.55 53^ 0.03 347 0.228 105 0.79
35 10 .7 525 0 .0 4 307 0.28 82 0 .92
50 13 .6 513 i 0.05 260 0.36 66 1 .0 4
70 17 .0 496 0.065 215 ! 0 .45 58 1 .1 1
100 21.5 480 0.08 165 i 0 .57 52 1 .1 8
150 28.2 448 0.11 110 0.77 46 1*26
200 34 .2 417 0.14 79 0 .94 39 1 .3 7
250 39.7 395 0.17 62 1.08 36 1 .40
300 44 .8 370 0.20 50 1 .20
400 54.3 340 0.24 40 1 .35
500 63 .1 312 0.28 35 1 .46
600 7 1 .1 290 0 .31 33 1.49
800 86 .1 248 0.38
1000 100 215 0.45
1250 116 187 0.51
1500 131 159 0.59
2000 159 121 0 .72
2500 184 94 0.85
3000 208 75 0.97
3500 231 1 ' . ' 63 1 .0 7
.............. 1
5o = 15 x  10“4  6 max = 575 x lO"2**
-2 2 8 -
AFPMDEC 22
Data fo r  s tr a in  ageing -  2^ fo s tr a in  -  tempered m assive
0
30 C
0
65 0
o I 
100 C
t(m in * ) t  2/3
4
6t x l 0 - lo g  P* d tx io ^
I ' "
- lo g  P 46t x l 0 - lo g  P y
2 1.59 540 0.07
3 2.08 498 0.10
4 2.52 460 0 .1 4
5 2.93 604 0.028 431 0.17
7 3*66 583 0.035 383 0.22
9 4 .3 3 572 0.043 332 0.29
10 4 .6 4 626 0 .01 566 0.046 305 0.33
14 5 .8 1 625 0.01 545 0 .064 230 0 .4^
18 6.87 623 0 .01 520 0.085 192 0 .5 4
23 8 .55 620 0.015 485 0.116 145 0.68
33 10 .7 616 0 .02 441 0.165 108 0 .82
50 13 .6 613 0 .02 393 0.211 85 0 .9 4
70 17 .0 609 0 .02 330 0.291 70 1 .05
100 21.5 602 0.03 265 0.391 62 1 .12
150 28.2 586 0 .0 4 186 0.555 51 1 .2 2
200 3 4 .2 570 0.05 137 0.702
250 39 .7 552 0.07 102 0.856
300 44 .8 533 0.08 80 0.975
400 54 .3 505 0 .11 58 1 .156
500 63. I 471 0 .1 4 49 1 .27
600 7 1 .1 IM- 0.16 44 1 .33
800 8 6 .1 375 0 .2 4
1000 100 315 0 .32
1250 116 265 0.39
1500 131 226 0 .47
2000 159 176 0.59
2500 184 149 O.67
3000 208 112 0 .81
3500 231 90 0 .92
1
- 4  -if.
6 o s  15 x  10 5 max* a  640 x  10
-2 2 9 -
APFE1MDIX 25 
T ra n s ie n t damping « A c tiv a t io n  Energy d a ta
Squiazerd F e r r i t e
2y?0 S t r a in  -  0.75
j
5% S t r a in -  0 .5 5% S t r a in  - . 0 .75  .
Temp. °C V t  x 'LQ Tim e(m in.) [log  t T im e(m in.) lo g  t T im e(m in.) lo g  t
19 3*425 700 2 .85 169 2.23 910 2.96
36 3 .2 4 301 2 .48 85 1.93 461 2.66
45 3 .1 4 180 | 2 .25 61 1 .78  . 300 2.48
55 3 .05 108 ! 2 .03 U - 37.„........ 1 .5 7 194 2.29
I r r e g u la r  p e r r i t e
1 2-5% S tr a in *■ 0 .4  1 2ifo S t r a in ~ 0 .4
0
Temp. C 1 /  3/T  x 10 Tim e(m in.) lo g  t j T im e(m in.) lo g  t
35 3 .25 11 1 .0 4 22 1 .3 4
45 3*14 7 0.851 12 f 1 .1 1
55 3.05 5 0.61! ...  7§ 0.89
APPENDIX 24
Quench Ageing °  A c tiv a t io n  energy  d a ta
i Time(min) !
to  tfeach g iv en  s ta g e  lo g  t*
Stage o f p ro c e ss M a te ria l 30 °0 65 °C
c
lo o 'b 30 °C 65 °C 100° 0
0.25 Massive 240 32 4 2.38 1 .5 1 0.06
Tempered 1500 76 13 3.18 1.88 1.11
0 .5 M assive 840 84 10J 2.92 1.92 1.02
Tempered 4200 205 31 3.62 2 .31 1.49
0.75 M assive 3300 310 32 3 .5 2 2.49 1 .5 1
Tempered £10,000 ] 650 130 4 .00 2.81 2.11
S tr a in  Ageing -  A c tiv a t io n  energy  d a ta
| Time(min») S. 
j ■ to  re a c h  g iven  s tag e  lo g  t
S tage o f p ro cess M a te r ia l 3©VC 65VC 100VC 3oue 65 C io o bc
0.25
0.50
0 .75
M assive
Tempered
Massive
Tempered
M assive
Tempered
195
550
630
1100
1700
2300
n i
30
43
79
120
180
i f
4
7 i
10
1 7 |
23s
unm .
2.29
2 .74
2 .8
3 .0 4
3.23
3 .36
1.06
1 .40
1.63
1 .9
2.08
2.26
0 .2 4
0.60
0.88
1 .00
1 .2 4
1 .37
-2  50-
APPSMSIX 25
T en sile  data -  quench ageing -  m assive m artensite
30° C
; A geing j
Time | TJ.Y„S.
T/sq4n
L .Y .S . TJ.ToS. S I  %
(m in .)
14 .5 22.1 6
| W.Q.
i
14.3
1 3 .4
21.6
21 .4
6
8
1 | 14.2  
18 15.6
22.6
23.3 8
j ! 15.2
I 51 I 16.9  
1 1 14.6
23 .1
24.9
22.9
5
6 
3
i
j 110
13.9
14 .6
22,0
23.9
12
255
15 .2
14.3  
15 .0
22.9
22.7
23.3
5
5
.......4 i
1370
19 .0
14.95
28.5
16 .7 -*•2
2£80
16*4
15.9
18*6
16.3
15.8
24.3
24.0
26.6
9
13
3
4320
17.6
21.0
24*9
29.6
7 i
8
5760
21.3 
19 .7
20.3
20*0 26.7  
2 6*6 
26*6
5
7 i
3
lopoo
i......................
20
19.6
20.7
25*5
25.3
24.9
4  
11
5
- 231-
APPMDIX 25 (Continued)
T en sile  data -  quench ageing -  massive m artensite
65*0 loo°C 1
Ageing 1/ so .in . Ageing j T / i
Time U.Y.S. L .Y .S . CoT.S. E 1# Time IT.Y.S , L .Y .S . IT.T.S E l#
(m in. ) 13 .9  .. p i . 5 9 (m in .'1 14 .0 22 .1 11 \
W.Q. i 1 3 .^ 21 .4 1 W.Q. | 13 .8 21 .7 12 |
13.3 £0 .5 6 ! 14 .0 | 22 .0 9 !
14 .7 14.5 22 .2 8 i 14.5 22.0 5 1
W.Q. 13 .8 p i  .9 11 W.Q. 13.8 22 .1 12
19.5 21 .7 11 13.8 21.9 6 !
14 .3 14.15 122.0 6 13.8 22 .1 8
5 14 .0 13.8 |21.4 8 3 16 .3 1 6 .2 24 .2 9
14 .2 21.6 6 1 7 .7 25.8 3
14 .1 '22.5 n i  : 14 .5 22.3 9
10 1 4 .4 2 2 .6 7 6 15*2 16 .1 23.7 8i
__ . 16 .6 24.0 3
14 .6 1 4 .4 22.5 8
18 13.3 (21.4- 9 I 16 .0 23.3 m
14.3 .................. ....{22.5 11 7 15 .5 23.3 5
1 4 .4 22.3 5 I 19 .7 <t 27 .1 5
4o 15 .7 23.3 3i 15 .3 24.3 10
13*6 (22.7 IO2 - 11 16 .3 23*6 8
20.1 127.5 4 1 8 .4 25 .6 3
70 14.3 ' 22 .1 l l i 1 7 .6 23.6 3
15 .0 ■ 22.7 1 15 17 .8 1 7 .6  ' 24*0 5
l6*5 X6.ii- 124.1 9 16 .7 23.0 4
16 .6 23.8 5 16.5 23.6 13
104 1 5 .4 15 .2' 1 r r ’ 22.9 , 8 20 17 .6 24.0 71 7 .4 24.3 6 16.0 22.3 7
225 16.3 16 .1 23.0 6 18 .0 17.9 22.9 4
1 6 .0 23.3 lOp- 30 22.3 28.1 5
17. 24.9 I 6 18 .2 17.9 23.5 5
300 20.6 1 |26 .7 7 i i 8 .V 23.0 4
17.9 17.6  123.4 ! 6 70 20.-2 24.9 4 i
19 .6 19 .3 24.0 7
-2 3 2 -
AFFBKDIX 25 (C ontinued)
T en sile  data *» quench ageing •» m assive m artensite
65 °C io o °c
Ageing T /sq , m . Ageing l / s q . in .
Time U.Y.S« L<,Y,S . U .T.S ELjSj Time U .Y .S. L .Y .S . U.T.'S.
(min*) j (m in.]
17.9 17 .8 23.5 7 1 22.3 25.0 3
480 17 .1 23.3 6 195 20.3 24.1 3
17 .2 17 .0 22.9 10 t •
21*5 21 .2 25.5 6 1 9 .5 22.9 5
1 ,440 21*2 20.2 24.3 3 420 18 .5 22.6 6
20.3 19 .0 23.5 6 19 .0 1 8 .4 22.6 7
20.9 20.7 24.0 3 20.5 20 .1 22.6 3
2,880 19 .3 19 .0 22.8 4 1,440 18 .8 22.0 6
22.5 21.6 25 .2 3 21 .2 24.3 2
20.6 20.3 24 .7 5 ! 1 8 .2 16.9 20.3 11
14,320 20.6 25 .0 4 2,88o 18 .6 1 8 .4 21.6 7
19 .7 19.4 23 .5 5 18 .8 17 .7 20.7 4
20.8 20. 4. 23 .7
i
1 8 .4 1 8 .0 20.0 2
7,200 1 9 .4 18 .6 22.9 9 f ‘ b ,7 ^ o 20.0 1 9 .4 22.3 4 f
20.3 19.0 23 .1 % | L_........ 18 .5 17 .7 20.1 6
21.6 25 .1 5
8,640 19.61 18 .7 23 .1 10
1L, ____ 19*2 18.9  1 22.9 W
-2 3 3 -
APFMDIX 25
T en sile  data -  quench ageing « tempered m assive
30°C
Ageing T /b q .in .
Time UoT.S. L.Y.S* TJ.T.S. E l %
(m in .)
1 4 .4 2 1 .8 7
W . Q . 1 3 .4 2 2 .5 12
1 3 .6 2 1 .7 12
i 1 4 .6  1 2 3 .2 8
W . Q . 1 3 .6 1 3 .4 21 .9 15
’ 1 2 .3 2 2 .6 12? 1 3 .0 2 2 .7 14
12 1 3 .7 1 3 .5 2 1 .6 11
1 5 .4 1 4 .2 21 .8 7
i 1 3 .3 2 2 .0 13
! 15 1 5 .1 2 2 .2 1 4 iii . 1 5 .1 23 .3 10J "1 1 1 3 .8 1 3 .7 2 2 .6 1 5
| 22 1 3 .9 1 3 .7 2 2 .1 1 5
1 1 4 .3 2 4 .0 10
i 1 4 .0 2 2 .0 10
! 45 1 2 . 9 2 1 .6 1 3
| 1 5 .0 1 4 .9 23 .3 10
1 1 4 .0 22 .6 15
j 8 0 1 4 .0 1 3 .7 21 .6 12
i 14 .9 22 .3 6
[ 1 3 .6 2 2 .1 n i
I 320 1 2 .8 2 2 .3 1 6
j 1 5 .1 2 3 .7 1 1
1 4 .5 2 2 .3 1 3
1 565 1 3 .6 1 3 .4 2 2 .3 1 3 ii
it
■ - .....
1 5 .5 1 5 .2 24 .3 10
-2 3 4 -
AHETODIX 23 (G ontinued)
T en sile  data « quench ageing ~ tempered m assive
30UC
Ageing T /sq J ri
Time TJ.Y.S. L .Y .S . U .T .S . E l %
(m in*)
14 .7 22.5 9
1,420 14.9 23.9 14
1 5 .2 23 .1 6
1 6 .4 24 .0 ioir
2,880 15 .0 23.5 12
1 7 .5 17.0 24 .7 9
l 6 . i 15 .6 23.6 10
4 ,320 1 6 .5 15 .6 24.0 11
17 .6 24.3 7
17 .7 24.9 10
5,760 1 17 .6 25,3 6
16 .7 24.0 9
1 8 .4 18.3 25.9 10
7 ,200 18 .0 17 .7 24.5 10
20.3 20.1 25.9 9
10,080 1 9 .2 18.9 24.6 10
20 .1 20.0 26.3 13
20.3 20.1 26 .2 8
1 9 .1 18 .7 25.6 10
11,520 20 .0 25 .1 9
19 .7 26.2 9
i— ......................
-2 3 5 -
APPENDIX 25 (Continued)
T en sile  data « quench ageing *=» tempered m assive
............................. . 6-;°0 .................. . LOQ C
Ageing
Time U.Y.S. ‘U .T .S . E l% j
Ageing
Time U .Y.S.
T /s q . i i
L .Y .S.
L.
U.T»S. E l$
(m in .) 
W.Q.
13*6 
13.3  
14-. 2
13 .5
13 .7
21.4-
21.0
21 .7
1 3 i  i
13
13
(m in .) 
W.Q.
13.4-
13 .3
14-.1
13.0
13*8
22.9
22.1
21.3
16
14-
9
W.Q.
13 .7
12.9
14-.7 14-.4-
21.6
21.0
23.3
9
13 W.Q.
13.8
14 .0
12.6
1 3 .2
12 .3
22.9
22.0
22.0
7
15
19
9
13.4-
13 .6
14-.7 14-.4-
21 .7
22.4-
22.5
12
14-i
11
h i
15.0
15 .7
16.3
14-.5 
, 15 .7
21.6  
22.7  ] 
23.0
11
10
9
10
13/8
14-.5
15.4-
13 .7
14-.0
14-.9
21. 6“
22.3
22.0
11
12-J
8
9 i
15.4-
!M-o3
14-.3 13 .8
22.3
21.6
22.9
... ------ -
9
13
15
13 .3
14-.1
13 .7
13 .7
13 .5
21.6
22 .5
21.3
12
1513t 15
13 .7
15*0
15.9
13.8
15 .3
22.5 
21.7
23.6
13? :
1 3 |
8
35
14-.3 
13 .7  
14-.5 .
1 3 .5  
14-.3
22.6
22 .7
22.7
l l |
15
11
22
14-. 3 
15.4- 
16 .3
13 .8
15 .2
22.0 
22.5  - 
22.4-
11
13
7
62
•
14-. 2 
15 .0
13 .7  
14-. 5
22.3
22.5
23.4-
r H i
15
9
4-0 15.4-
14-.9
16.2
22.7
22.3
22.9
i3
11
11
14-0
15.6  
14-. 4- 
16.0
14-.3
15 .8
24-. 0 
22.6  
22 .7
12^
12f
I l l -
75
L „ ............
14-.1 
16.6  
15 .7
n i 3 . 8
16.1
15 .5
22.4-
22.8
22.8
16
10
8
-2  36-
AWMDU. 25 (C ontinued) 
T e n s ile  d a ta  -  quench, ag ein g  « tem pered m assive
65°C 100°C
Ageing T /6q.in A geing T / s q . i n
Time U.Y.S. L .Y .S . U .T .S . E l ^ Time U .Y .S. L .Y .S . U .T .S .
 ^min#^ (m in j)
16.8 16.2 22.3 9 15.2 23.1 10|-
240 15 .7 15 .6 21.9 12 115 1 5 .7 15 .3 22.3 l l j
1 7 .4 17 .3 23.0 t '* k 15.9 1 5 .‘ 23 .4 ?T6 .o 1 5 .7 23.0 10 1 5 .4 15.2 21i3 11
330 16.0 15.3 22.7 12 285 16.3 15.9 21.6 12
1 7 .7 17.2 24.2 10 1 1 9 .4 19.2 23.5 , 715.65 15 .5 22.9 13 * 16.6 15 .5 21.2 13
480 1 5 .4 15 .1 22 .7 14 456 16.1 15 .0 20.9 14
15.9 23.8 10 * 1 9 .1 18 .6 22.7  : 7
16 .3 17 .7 2 2 .4 10 18 . f m 17.9  ’ 20.5 r r o
1,440 1 7 .4 16.6 21.9 12 1 ,400 20.1 18 .8 21.2 8
20.0 19 .0 23.6 9 20.1 18.9 21.6 7 i
19.6 19 .3 22.3 9 ! i S . 6r 17*6 20.0
2,880 1 9 .2 18.9 22.5 10 ! 2,880 18 .8 1 7 .7 19 .6 9
20 .4 24 .0 9 19 .7 18 .6 20,7 I
20 .4 19 .1 22.0 1 8 .4 I 6.9 19,3 H S T ’
4 ,320 20.0 18 .7 21.8 9 4 ,3 2 0 17 .7 20.0 12
21.3 21.0 23.8 7 19 .2 18 .8 21.0 7
I 20 .1 r 19.1 21.9 10 1 8 .2 14 .3  ' 19 .0 13
7 ,200 20.3 19.4  . 22 .5 8 7 ,2 0 0 17 .7 16*6 19 .0 12
21.2 20.3 23.0 7 19 .0 1 7 .4 1 9 .4 10
r 19*7 19.5 21.8 5 TT.S 19 .0 10
9 ,500 19 .6 18 .7 22.0 12 10,020 I 8 .4 16 .1 18 .7 14
i 20.9 20.1 i
22.5 8 18 .1 17.7 1 9 .4 8
-2 3 7 -
APPENDIX 26
jTensile s t r a i n  « A geing d a ta  ~ m assive m a rte n s i te
30°G
' ' r 1,1
Ageing T /s q .in •
EL %Time U.Y.S. L .Y .S . U .T .S .
(m ill.)
W.Q.
20.9
20 .5 19 .8
22.6
22.0
5
7±  12
20.1 19.9 22.3 8
20 .5 20.1 23.6 4
10 20 .5 20.3 23 .1 7
21.1 20.5 23.3 5?
21.1 20.3 23.0
k??, . .......
20 20.9 20.1 23 .1
20.9 20.2 24 .0
23 .0 23.9 26.8 p i
40 23.3 23.0 25.2 6
23 .5 23.0 28 .0 3
60
21.3 21 .4 r  24 .1 " "S "
21.8 21.2 2 4 .4 s2 1 .4 20.9 2 4 .4
24 .1 23.8  ? 27 .0 I T
90 24.2 23.6 27.0 6
24.5 23 .4 27.2 6
23 .6 22.8 29 .1
120 23 .8 23.0 26.8 5
2 3 .4 23.2 26.8 i &23.2 22.7 1 27 .7 5
180 23.5 23.3 26.9
2 3 .4 23.3 27 .2 6
-2 3 S -
AFPBKDXX 26 (C ontinued) 
T e n s ile  s t r a i n  ~ Ageing d a ta  « m assive m a r te n s i te
0
30 C
Ageing p?/sq.in •
Time U.Y.S. Ii.Y .Sf U .T .S . E l %
(m in .)
22f.9 24-3 29 .1 4-
360 24-9 24-3 28.9
24-6 24-3 29.0 6
26.2 25 .7 32 .5 6
1,350 2 6.6 25 .0 32-0 9
27.7 27 .1 32.1 si
28.0 26 .7 33.4- 9
3,670 27.8 26.9 32.6 8
28 .1 27.5 32.6 6J-
26.5 2K 0 3 2 .0 10
4-, 005 2 6.8 26.2 32 10
26.8 26.2 3 2 .1 9
76 .8 2K 0 ' 3 2 .0 "7i
5 ,760 26.2 25.6 31.8 9
26.8 25.9 31.9 65-
28.5 27.8 3 3 .7 7
8^64-0 28.1 27.5 3 2 .2 9
—
28.4-
I
1. .......... . ..  A
27. 4- 33.4- 10
_ .. —  _____ —
-2 3 9 -
APPMDIX 26 (C ontinued) 
T e n s ile  s t r a i n  -  Ageing d a ta  « m assive m a rte n s ite
65°C
Ageing
Time U .Y .S.
T /s q . in
L .Y .S . U .T .S . E l$
(m in ,) 
4
2 2 .4
2 2 . 0
21 ,9
2 1 . 1
2 1 .4
2 1 . 1
2 7 .4
2 7 .1
2 7 .1
1 0
9 i
1 0
6
2 2 . 2
2 2 , 4
2 2 .3
2 2 . 1
2 1 . 1
21 .35
2 7 .3
2 7 .4  
2 7 .3
5 i
1 2
1 2
1 0
2 3 .4
2 3 .4  
23 .3
2 2 . 8
2 2 . 6
2 2 . 6
2 7 . 8
2 7 . 8
2 7 . 8
9
9
18
2 4 .5
2 5 . 2
2 4 . 8
2 4 .4  
24*4
2 4 .4
2 7 .5
2 7 .5
2 7 .5
4
5
25 2 4 .0
24 .1
2 3 . 8
2 3 . 6
2 6 . 2
2 7 .4
3%
2 z
30
25.15
2 5 .0
25 .0
2 4 .5
2 4 . 6  
2 4 .5
29 .7
2 9 .7  
2 9 .4
T i l
5
6
50
25 .5
25 .5  
2 5 .4
2 5 .2
2 5 .0
2 5 .0
2 8 . 8  
2 9 . 2  , 
28 .3
4
6
53
2 6 . 2  J
2 5 .7
2 6 . 2
2 5 .1
2 5 .4
2 5 .5
29 .9
3 0 .4
3 0 .4
5 
7
6
94
2 7 .1
2 7 .1  
26.9
2 6 .1
2 6 . 2
2 6 .4
3 1 .8
3 1 .0
31*1
7 i !
8
, 7 i
100°C
A geing
Time U .Y .S.
T .s q .in ,
L .Y .S . U .T .S . E l fo
(m in .) 
W.Q.
2 3 .4
22.9
23 .3
2 2 . 6
21 .9
22 .3
2 8 . 0
2 7 . 2
2 7 . 2
3
l- l±2
2
W.Q.
2 2 .5
2 1 . 6  
21,9
2 7 . 8
2 6 . 2
2 6 . 0
2
13
5
2
24*4
2 4 .4
24 .0
2 4 . 2
2 4 . 2
2 4 . 0
29 .5
2 8 .3
27.9
3 
2
4
3
2 3 .1
2 2 . 8
2 2 . 6
22 .5
2 1 . 8
2 2 . 1
2 7 .9 '
2 7 .1
2 7 .0
Q
9
7
5
2 4 . 6
2 4 .7
24 .9
2 3 . 6 *
2 3 . 6
23.9
28 .3
2 9 .1
2 9 .5
8
8
7
2 3 .5
2 3 .4
2 3 .4
2 2 . 0
2 2 .5
2 2 . 2
2 7 . 6
2 7 .5
2 7 .5
9
1 0
9
9
2 5 .4
2 5 .5  
2 5 .4
2 4 . 8
24 .9
2 4 . 6
2 9 .4
2 9 . 2
2 9 .1
3
8 |
7 l
1 2
2 5 .4
2 5 .4  
25*5
2 4 . 8
24 .9  
2 5 . 2
2 9 . 8
2 9 . 2
2 9 .0
7
1
18 
----- j
26 .9
2 8 .5
2 7 . 2
25 .9
2 6 . 0
2 5 . 8
2 9 .4
3 1 .0
3 1 .0
r ... 
7
___ 1
-2 4 0 -
AFPEUDIX 26 (C ontinued)
T e n s ile  s t r a i n  -  A geing d a ta  « m assive m a rte n s i te
65 C ,  °p '  ~  “ 1100 c 1
| Ageing 
! Time TJoY.S „
T /s q . in .
LoY.S. U .T .S .
Ageing
Time U.Y.S,
T /s q . i i
L.Y.S . U.T.S*
1
E l fo
j (m in ,) 
100
26.9 
26.8
26.9
26.3
25.9
26.3
30 .6  6 
31 .5  7 i  
3 1 .0  l i
(m in .)
27
2 5 .4
26.5  
26.8
24 .7
25.2
26 .4
28.9
3 0 .2
3 0 .8
10
9
8
180
27.5
27 .1
26.8
2 6 .4
2 6 .4  
26.2
3 1 .0  kk  
30 .6  5
3 2 .0  5 i
40
2 7 .4
26 .4  
26.3
26.0
25.5
25.0
29.9
29.2
29.2
4
9
lo j-
200
28. £
29 .0
29.1
27.5
27.5 
27.9
31 . 6“ 5
3 2 .0  7 i
32 .1  4
52
25 .4
27.6
27.0
27.0
26.5
3 0 .2
31.9
3 0 .0
3
h i
4
1,100
29 .1
28.7
28.0
28 .4
27.1
26.9
3 2 .5  4  
31.8  6
30 .6  8
100
26.6
26.0
26.0
26.0
24.7
25 .4
2 9 .4
28.5
28.5
4
4
300
26.8  
26.8 
2 6 .6
25.5  ,
25.5  
2 5 .4
28.7
28.5
28.3
7
8
5
1
-2 4 1 -
apfeu d ix  26
T en sile  data -  s tr a in  ageing « tempered, massive
ij.. .....- . 30°0
| Ageing 
| Time U.Y.S.
T/S(j> ±ti.
L .Y .S . U .T .S . E l %
(m in .)
18.9 1 8 .7 23 .7 S i
W.Q* 19*1 18 .8 22 .2 9
19*1 18 .7 23.3 11
18 .6 18 .0 22 .8 10
W.Q. 18 .6 18 .0 22 .7 ........ 9 i  .....
19 .5 19 .0 23.6 l o |
10 19*3 18 .8 22.5 7
19*1 18 .7 23.5 10
19 .6 19 .2 23.9 7?9f9 i  _40 20 .2 19 .5 23.820.0 1 9 .4 23.9
J-9.3 1 9 .1 24 .1 9
50 1 9 .4 18.9 23.9 10
19 .6 18.9 23 .7 11
1 9 .1 2 8 .7 24.6, s i
120 19 .5 1 8 .7 23 .6 8
20 .2 1 9 .7 25.0 9t
A102
180 20.2 19 .5 24 .4
20 .4 19 .8 2 5 .4
20.5 19 .8 26.8 111
515 20 .6 19 .8 26.6 11
20.4 19.9 26 .2 .....1 0 i
23 .2 23.0 29. $ 10
1*405 23.6 23 .0 29 .5 i o i
l o t23.7 22.8 29.5
2,660
24.2 23*5 3 0 .1 10
24.6 23 .2 3 0 .2 11
24.7 23.5 3 0 .6 11
25 .1 24 .2 3 0 .8 i 12
4 ,205 25.6 24 .1 30 .9 12
25 .4 2 4 .4 4 0 .0 11
24.9 24.7 28.9 7
5,760 25.6 24.6 30 .9 12
25.7 24.7 31 .3 12
25.8 24.6 31 .3 i o i
7 ,200 25.3 24.5 3 1 .0 12
26 .0 2 4 .4 31 .0 12
8 ,640
25.5 24 .6 3 1 .2 13
25.7 24.6 3 1 .2 ____ M ....... ...
-2 4 2 -
APmiDIX 26 (C ontinued)
T e n s ile  d a ta  « s t r a i n  ageing
65° C
Ageing
Time U.Y.S.
T/i
L.Y .S .
3 q .in
U .T .S . EL7S
(m in ,)
19*3 1 9 .1 2 4 .4 10
w.Q. 19 .3
19*6
1 9 .1
1 9 .1
22.*.
2 3 .4
8
u f
h i
20*3
20.0
19.6
19.*.
19 .3
19 .1
24 X
23*9
24 .4
8
8 f
9
7 19 .7
19.6
1 9 .1
18 .7
24*0
23*9
10
10
12
20.3 
20 .3
20 .4
19 .6  
19.8
19 .6
25*1
24.8
25 .1
8 J
9
10
20
20.5
20.5
20.6
20 .0
20*0
19 .8
2 5 .4  
2 5*4 
26.6
8
9
11
34
21.7
21.8 
21.5
20.9
20.9 
21 .0
27 .1
26.9
27 .4
12
H i
12
30
22.0
22.3
22 .2
2 1 .2
21.3
21.5
27.8
27*6
27.7
11
11
11
68
21.8
22,2
22 .1
2 1 .2
21.6
21.5
27.6
27.8
27.8
11
12
n i
120
23.0
22.6
22.8
22 .1
22 .0
22.0
27.9
27 .5
27*4
10
1 0 i
10
tem pered m assive
100°C
Ageing
Time U .Y.S.
T /s q . in ,
L .Y .S .
■
U .T .S . E l%
(m in .)
20 .5 19 .8 23 .4
W . Q . 20.5
20.7
19.9
20.0
22.8
24.6
7
8
W . Q .
20 .1
20 .2
20 .2
19 .8
19 .8
19 .8
23 .4
23.5  
2 2 .4
6
9
10
3
2 1 .4
21.3
2 1 .4
20.8
21 .4
21 .2
26.8
27 .2
27 .1
9 f
1(%
10
5
21 .8
21.9
21.9
21 .2
21.3
21.2
26.8
26.8
27 .2
9
1 0 i
12I
6
22 .2
2 2 .4
22 .5
21.8
21.6
21.6
27*4
27*4
27 .1 *
9
2 2 .2
22 .1
22 .0
21.3
21.3
21 .4
26.8  
2 6 .6  
27*3
10
9 i
11
12
2 3 .1
23 .2  
23 .3
22 .4
22.3
22.2
27*9 '
27 .7
27.8
11
1 2 |
12
20
2 4 .4
24 .3
24.6
23.9
23.3
23.8
28.8  ' 
28 .2  
2 8 .4
9
10
11
30
23.7
23.8  
23.6
23.7  
2 3 .8  
22.9
27.5
27*4
27*3
13
13
12
-2 4 3 -
APPENDIX 26 (C ontinued)
T en sile  data «=» s tr a in  ageing ~ tempered m assive
I 65° C
|
100°C
1 | 
j Ageing 
1 Time u .y . s .
■ T/i 
L.Y.S.
3q«in.
U.T.S. u ■Elfo
Ageing 
I Time U.Y.S.
T/eq.i]
L.Y.S. U.T.S. E l #
| (min*) 
180
24.0
23.9
23.9
O 
O 
N"\ 
• 
• 
»
CM 
Csl OJ
28.9
28 .7
29.3
12
11
1 2 f
(min.) 
45
24 .1
23.9
24 .4
23.3
22.9
23.2
27 .4
27 .4  
27.9
10
l o l ­
lop;
278
24 .4
24 .1
24 .1
2 3 .3  
23.0  
23 .1
!00 
CO 
CO 
.
.
.
CO 
00 
CO 
CM 
CM 
CM
 
1
.................
n f
12
I l f
70
24*4
24 .1
24.0
23.3 
23.2
23.3
27.5
27 .4
27 .4
1 2 f
12
1 2 f
372
24 .4
24 .4  
24 .6
23.5  
23.3
23.6
28.9 1 
28 .7  
29 .2
11
12
12
117
24.3
24.3
24.3
23.3
23.5
23 .7
27 .4
27 .4  
28.1
11
12
11
1,320
24.0
2 4 .4
2 3 .1
23.7
27.8
28.5
lO f
12 180
^  23.3
23.8
22.6
22.6
2 8 .4  
2 6 .6
10
i i f
10!
2,720
#
2 4 .4 24.3 " 2 8 .2 11 23.9 23 .1 26.9
24.9
23.7
23.7
24 .1
. . i
27.9
28.9
11
14
I
310
24*4
24.3
24.0
24 .0
23.3
23 .1
27 .4
27*0
26 .2
10
11
7 f
